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Industry 4.0 (I4.0) brings unprecedented opportunities for Manufacturing Corporations 
poised to implement Digital Business models; DigitALIZAtion. Industry Standards 
have been developed for the core technologies of the I4.0 Digital Supply Chains. 
Manufacturing equipment must now be procured to integrate seamlessly at any point in 
these novel supply chains. The aim of this study is to determine if an I4.0 Equipment 
Procurement Process (I4.0-EPP) can be developed which reduces the risk of equipment 
integration issues. 
 
It asks; Can the form of the equipment be specified, so that it correctly fits into the I4.0 
Digital Supply Chain, to facilitate the desired I4.0 Digital Business function? 
 
An Agile Development Methodology was utilized to design the I4.0-EPP techniques and 
tools, for use by Technical and Business Users. Significant knowledge gaps were 
identified during User Acceptance Testing (UAT) by Technical Practitioners, over four 
equipment procurement case studies. Several iterations of UAT by MEng students, 
highlighted the requirement for Requirements Guides and specialized workbooks. These 
additional tools increased the understandability of the technical topics to an acceptable 
level and delivered very accurate results across a wide spectrum of users. 
 
This research demonstrates that techniques and tools can be developed for an I4.0-EPP 
which are accurate, feasible and viable, but, as with Six Sigma, will only become 
desirable, when mandated by Corporate Business Leaders. Future research should focus 
on implementing the ALIZA Matrix with Corporate Practitioners in the Business 
Domain. This approach will bring the ALIZA techniques and tools, developed during 
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Chapter 1 – Introduction Page 2 of 238 
1  INTRODUCTION  
The world of high-end manufacturing is in the middle of a seismic shift between the 
plates of rapid digitisation advancement, a digital economy (digitalization of Business 
Rules), venture capitalists who wish to mitigate the risk of failure, a demanding 
customer who wants their high-quality widget customizable, variable batch quantities, 
as cheaply as possible and most importantly they want it NOW. This seismic shift will 
shape our manufacturing landscape of the future. 
 
The underpinning technologies of Industry 4.0 (I4.0) (DBEI, 2019) combined with a 
Digitally Connected Supply Chain Network (DCSCN) (UK Gov, 2017), results in an 
I4.0-DCSCN which has the potential to truly transform manufacturing operations. In 
theory the seamless integration of components to the I4.0-DCSCN enables significant 
manufacturing equipment functions to be distributed globally, but it would be naive to 
expect that the journey from Industry 3.0 (I3.0) to Industry 4.0 (I4.0) will be easy. In 
this new I4.0 vision, manufacturing equipment must be able to integrate and connect 
vertically, horizontally and along product lifecycles (IfM, 2018). 
 
Every seismic event creates its own unique challenges for all Stakeholders, exposing 
both weaknesses and opportunities. Unique insights have been developed by observing 
the Digital Transformation for the Life Sciences Sector of the Irish economy, and in 
particular the Irish Manufacturing Corporations through the lenses of ecosystem, 
technology, and processes. Armed with this Thesis, others will have a robust framework 
which they may apply to additional sectors in any Economy. 
 
This Chapter starts, in Section 1.1, by introducing the topic of Industry 4.0, with specific 
reference to the Irish Manufacturing Sector. It then proceeds, in Section 1.2, to appraise 
the journey from Industry 3.0 to Industry 4.0, by exploring the resultant impact on both 
the manufacturing equipment and the supply chain. This background information 
informs the structure of the research, facilitates the clear definition of the aim and goals 
of this project, and culminates in the selection of the Research Methodology explained 
in Section 1.3. To conclude, a Chapter-by-Chapter outline of the Thesis and a summary 
of this Chapter are provided in Sections 1.4 and 1.5.   
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1.1 The Irish Perspective  
Every economy has its own peculiarities, such as, their technology maturity, mindset of 
its population and Entrepreneurial Discovery Process (EDP) (Boschma, 2016), 
(Hausmann & Rodrik, 2003), thus it is important to appreciate the specific Irish 
perspective. The reader must be introduced to the existing I3.0 Irish manufacturing 
landscape, combined with the emerging focus of Industry 4.0, and the potential 
economic impact of digitalization. 
1.1.1  The Irish Manufacturing Landscape  
Figure 1 illustrates how Ireland’s Manufacturing Sector provides 227,052 direct jobs, 
plus an estimated 182,000 indirect jobs (DBEI, 2019), in a population of 4.76 million 
(CSO, 2017). The Irish Life Sciences Sector (with the Pharmaceutical and Medical 
Device sub-sectors) account for 57.1% of manufacturing value and 27.8% of 
manufacturing employment (IfM, 2018). It is immediately apparent that 
competitiveness in the Life Sciences Sector and its supply chain are vital to the success 
of the Irish economy, justifying it as the primary focus of this research. 
 
Figure 1: The Irish Manufacturing Sector (DBEI, 2019) 
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1.1.2  An Irish Perspective on Industry 4.0  (I4.0) 
The term Industry 4.0 (I4.0) originates from the strategic initiative of the German 
government’s High-Tech Strategy (‘Industrie 4.0’) (Acatech, 2013) which heralds the 
‘4th Industrial Revolution’. A brief infographic of the key technology advances which 
underpin I4.0 and all the previous Industrial Revolutions is outlined in Figure 2.  
 
Figure 2: Technology Advances Underpinning Industrial Revolutions (DBEI, 2019) 
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A more detailed review of the infographic outlined in Figure 2 reveals that there are 
three underlying ingredients (Power, Communications and Transportation), which are 
interwoven into every Industrial Revolution. The first and second were enabled by 
technical innovations in the power domain. These innovations resulted in equally 
important secondary and tertiary innovations in the communications and transport 
domains. The third marked a significant departure. It was primarily enabled by technical 
innovations in the communications as opposed to power or transport domains. The 
fourth Industrial Revolution compliments the communications advances of the third by 
enabling manufacturing equipment to digitally communicate with the full 
Manufacturing Corporation and beyond. Integrated equipment can now digitally 
communicate with anyone, or anything, anytime, anywhere on the planet. When these 
digital innovations are supplemented by power (e.g. electric vehicles, battery 
technologies, etc.) and transport innovations (e.g. fully automated warehouses, digital 
track and trace, drone deliveries, etc.) the fourth Industrial Revolution is capable of 
transforming the manufacturing supply chain (Matternet, 2013), (Mercedes-Benz, 
2016), (Mercedes-Benz, 2017), (Toyota, 2018). Such transformation will be truly 
disruptive. 
 
It is important to note that Industry 4.0 does not have a monopoly in this domain. A 
range of similar and related terms such as ‘digital manufacturing’, ‘smart 
manufacturing’, ‘4th Industrial Revolution’, ‘Industrial internet’, ‘smart factories’, 
‘cloud manufacturing’, and ‘cyber-physical production systems’ exist. These terms 
however do not have a one-to-one correspondence and are not necessarily defined or 
used consistently (Queiroz, et al., 2019), (IfM, 2018). The stated lack of one-to-one 
correspondence, and vastly different measurement systems associated with the various 
terms, justifies this work’s decision to observe the domain through the lenses of a 
manufacturing ecosystem, technology, and processes.  
 
Inconsistencies associated with a plethora of similar terms (Queiroz, et al., 2019), (IfM, 
2018), will be avoided by aligning with Ireland’s recently launched National Industry 
4.0 (I4.0) Strategy (DBEI, 2019). The term Industry 4.0 (I4.0) will be utilized to broadly 
encompass all efforts to integrate and connect vertically, horizontally and along 
product lifecycles (IfM, 2018), 
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1.1.3  The Potential Economic Impact  
Digitalization has the potential to unlock an estimated $100 trillion of value globally 
over the period 2017 to 2027 (WEF, 2016). Unfortunately, only digitally competent 
individuals and entities will benefit; many others will suffer. Futurists project between 
1 billion (Leonhard, 2014) and 2 billion (Frey, 2012), (Frey, 2017) job losses by 2030 
due to the Digital Transformation. These projections were initially discounted as simply 
alarmist. In the intervening time period however, the body of support is growing, and 
the credible evidence is currently quite compelling (Frey & Osborne, 2013) (Frey, 
2014), (Deloitte, 2015), (CitiGroup, 2016), (Bakhshi, et al., 2017), (Leonhard, 2019).  
 
The Manufacturing Sector, on the other hand, appears to have the potential for job 
creation. Current estimates suggest that by 2021, digitalized products and services will 
increase employment by 6%, and generate more than €110 billion of additional revenues 
per year for European industry (EC, 2016) (PWC, 2014), (BCG, 2015). National 
Manufacturing Sector reports highlight that a positive workforce growth will not be 
achieved by every Company. They stress the importance of investing in the up-skilling 
of employees to rapidly capitalize on clearly defined digitalization (Digital Business) 
opportunities (UK Gov, 2017), (DBEI, 2019), (NSC, 2018). Table 2 highlights the key 
I4.0 trends and drivers which are most likely to provide such Digital Business 
opportunities, for the Irish Life Sciences Sector (DBEI, 2019), (IfM, 2018). To this end, 
the overall focus will be to contribute to the body of knowledge of flexible batch 
manufacturing processes (2), capable of supporting personalized healthcare solutions 
(1), (3).by the Irish Life Sciences Sector. 
 
Table 2: I4.0 Trends & Drivers for Life Sciences Sector (DBEI, 2019) 
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1.2 Appraising the Journey from I3.0 to I4.0 
Any potential traveller needs to know their starting point, destination, and alternative 
routes, before they can make a well-informed appraisal of the journey ahead. Remaining 
in the I3.0 Status Quo (present situation) or embracing the I4.0 Tempora Mutantur 
(times are changed) are both valid options for any Life Sciences Corporation. This 
section explores some of the available I4.0 destinations to help Life Sciences 
Corporations not become drifters; at risk of getting lost on their I4.0 journey. 
1.2.1  The I3.0-LPSC Status Quo (presen t  si tua tion)  
I3.0 Manufacturing Corporations, as illustrated in Figure 3, utilize a Linear Physical 
Supply Chain (I3.0-LPSC) model, consisting of the plan, source, make and deliver 
functions organized in a linear fashion (UK Gov, 2017).  
 
Figure 3: The I3.0-LPSC Status Quo (adapted from (UK Gov, 2017)) 
The mass production centric I3.0-LPSC model operates at maximum efficiency if 
customers are willing to accept Henry Ford’s assertion that,” any customer can have a 
car painted any color that he wants so long as it is black” (Ford & Samuel, 1923). 
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Flexible Production Scheduling (B) can assist a Manufacturing Corporation (A) to 
accommodate slight production variety at high levels of efficiency. In some cases, late-
stage customization of widgets close to the point of consumption is adequate. An 
overwrapping process for local name labelling on chocolate bars, or high-speed inline 
printing of custom names on clothes, can easily be catered for by locating additional 
packaging equipment (C) in the Distribution Centres (D). It is important to emphasise 
that this activity is predominately cosmetic in nature and cannot affect the Critical to 
Quality (CtQ) attributes of the widget, thus quality control of the core widget remains 
located in the factory. Caution must be exercised however if the I3.0-LPSC is to avoid 
the extreme inefficiencies associated with Stock Keeping Unit (SKU) Proliferation 
(Davis & Steutermann, 2010). Transitioning from mass production to mass 
customisation (Juha & Felfernig, 2017) can overcome this limitation but it is not an easy 
transition (Piller & Tseng, 2010), (Piller, et al., 2012). 
 
In the I3.0-LPSC model, Manufacturing Corporations must source (1) raw materials 
from reputable suppliers. These raw materials must pass stringent Quality Control (QC) 
inspections before they can be used to make (2) physical widgets which must be 
delivered (3) to customers in accordance with a production plan (4). In a conventional 
I3.0-LPSC model, the manufacturing equipment (5), is located within large 
manufacturing plants (6). Statistical Process Control (SPC) Data (7) is captured from 
the equipment during production, QC inspections, and laboratory measurements on the 
widgets. The laboratory measurements are conducted on a small number of widgets 
which form a representative sample of the much larger batch which has been 
manufactured. This SPC Data (7) enables the Manufacturing Corporation to 
demonstrate to the governing regulatory authority (e.g., the Food and Drug 
Administration (FDA) or the Health Products Regulatory Authority (HPRA) in Ireland) 
that the Manufacturing Corporation is in control of their processes. This approach 
provides the complete supply chain, with a high level of confidence that the widget has 
been produced in accordance with stringent regulatory approval requirements (8). These 
regulatory approval requirements (8) form the basis of a legal obligation, which must 
be met, before the Manufacturing Corporation can release the batch of widgets, for 
consumption in the target market. It is important to note that this critical data collection 
process is not necessarily automated. In many I3.0 plants it may even be paper based. 
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1.2.2  The I4.0-DCSCN Tempora Mutantur ( t imes are changed )  
Industry 4.0 Digital Connected Supply Chain Network (I4.0-DCSCN), shown in  Figure 
4, consists of random interconnected nodes; Tempora Mutantur (times are changed).  
The essence of the Plan (1), Source (2), Make (3) and Deliver (4) functions are like 
those used in I3.0. However, the concept of these functions integrating seamlessly to 
the provision of Service (5) and Design (6) linked to the Customer (7) is a significant 
innovation. The I4.0-DCSCN will enable the Manufacturing Corporation to perform its 
Make function (e.g., 3D printing) with equipment (3) located anywhere on the planet. 
The manufacturing plant, at the core of the I3.0-LPSC, may be obsolete in the I4.0-
DCSCN; it may even be possible to Make as you Deliver. The regulatory approval (A), 
and SPC Data (B) will always be centrally maintained for legal requirements, but the 
manufacturing equipment (3) will have to be capable of autonomously monitoring 
product quality (C). I4.0 manufacturing equipment will require unprecedented levels of 
connectivity and integration to the I4.0-DCSCN, to enable the disruptive I4.0 concept 
of equipment centric product quality control. This is a fundamental departure from the 
factory/plant centric production quality control used in I3.0 and will need to incorporate 
Real Time Release Testing (RTRT) (EMA, 2012). 
 
Figure 4: The I4.0-DCSCN Tempora Mutantur (adapted from (UK Gov, 2017)) 
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1.2.3  Product Development Life Cycles in the Life Sciences  Sector 
Significant business risks exist in the Life Sciences Sector. Bringing a new product to 
market is a complex, highly regulated process (FDA, 2015), requiring on average 12 
years (ACCR, 2011), (Van Norman, 2016), (Berger, et al., 2017) for a pharmaceutical 
drug and 3 to 7 years (Van Norman, 2016) for medical devices, which typically 
represent a lower patient risk. The cost of developing a single medication has been 
estimated at $2.6 billion (2013 dollars), but after FDA approval there is only an effective 
remaining patent life of 7 to 10 years to recoup the investment (Berger, et al., 2017).  
 
The critical FDA approval milestone (FDA, 2015) splits the Life Sciences product 
development life cycle into two distinct phases (see Figure 5). The first phase consists 
of discovery, trials (preclinical and clinical) steps. The second phase requires a rapid (< 
2 years) Scale-Up to Manufacturing step before finally transitioning to indefinite 
surveillance. The timelines, outlined in Figure 5, have motivated the Life Sciences 
Sector to focus on developing mass appeal products for mass production, testing and 
release in large batches. These large batches are produced in I3.0 manufacturing plants, 
firmly rooted in a highly controlled version of the I3.0-LPSC. With this model quality 
control is physically located in the manufacturing plant. The modus operandi in this 
Life Sciences Sector is definitely at the other end of the spectrum to the personalized 
healthcare and flexible batch production systems endorsed by the Irish Government in 
Section 1.1.3 (DBEI, 2019), (IfM, 2018). 
 
Figure 5: Drug Discovery and Development Timeline (ACCR, 2011) 
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The 2018 launch of Pharma 4.0™ by the International Society of Pharmaceutical 
Engineers (ISPE) appears to indicate that Life Sciences Companies are rising to the I4.0 
challenge. The definition of Pharma 4.0™ as a holistic operating model for 
pharmaceutical factories and supply chains of the future based on Industry 4.0 
capabilities, digital maturity, and data integrity by design. (Binggeli, et al., 2018) 
clearly highlights that the ISPE focus will remain plant (or factory) centric. Pharma 4.0 
does not appear to have identified the opportunity of a distributed Make function, 
enabled by the equipment centric I4.0-DCSCN explained in Section 1.2.2. When they 
state Digitization, an important component of Pharma 4.0™, will connect everything, 
creating new levels of transparency and speed for a digitalized plant floor (ISPE, 2020), 
it becomes apparent that they are using the digitiz… and digitaliz… terms 
interchangeably and out of context. This highlights the importance of making a clear 
distinction of the destination. Is it Digitization? – the process of changing from 
analogue to digital form, also known as digital enablement (Gartner, 2016), or is it the 
completely different destination of DigitALIZAtion (ALIZA)?– the use of digital 
technologies to change a Business Model providing new revenue and value-producing 
opportunities; it is the process of moving to a Digital Business… (Gartner, 2016). 
 
It would be wrong to presume that the complete Life Sciences Sector should set ALIZA 
as their destination. Pfizer, AbbVie, and GlaxoSmithKline have utilized I3.0-LPSC 
based mass production to deliver combined lifetime sales of more than $350 billion with 
just three blockbuster drugs (Investopedia, 2018). Section 1.2.3.1 to 1.2.3.4 will explore 
the potential cosmetic, adaptive, transparent, and collaborative customization (Gilmore 
& Pine, 1997), routes for Life Sciences Corporations, on their Digital Transformation 
journey. Corporations whose products only require cosmetic or adaptive customizations 
should maintain the I3.0-LPSC Status Quo; possibly embarking on a very short safe trip 
to a Digitization destination. Corporations transitioning to a more customer, design, and 
service centric Business Model based on the transparent or collaborative customization 
required for the provision of personalized healthcare drugs or medical devices, must 
embrace the I4.0-DCSCN and embark on the arduous ALIZA journey. Their new 
Digital Make function will require equipment capable of executing a Batch Size 1 
(McKinzie, 2015) and providing Real Time Release Testing (RTRT) (EMA, 2012), 
combined with global Serialized Track & Trace (ISPE, 2018).  
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1.2.3.1  I3.0-LPSC Centric Cosmetic Customization Example  
Cosmetic customizers present a standard product differently to different customers. 
The cosmetic approach is appropriate when customers use a product the same way and 
differ only in how they want it presented. Rather than being customized or customizable, the 
standard offering is packaged specially for each customer. (Gilmore & Pine, 1997) 
 
1. Global or regional market forecasts create the product plan for standard widgets (e.g., 
pharmaceutical drug). 
2. The standard widgets are mass produced on equipment with as high an OEE as 
possible. Standard I3.0, destructive testing and lab-based batch release methods may 
be utilized in the manufacturing facility (Batch Size 1 or RTRT is not required). 
3. The standard widgets are delivered to contract manufacturers in various regions. 
4. Contract manufacturers’ use equipment to perform cosmetic customization which has 
no effect on the quality of the product (e.g., local language names or overwrapping). 
5. Cosmetically customized widgets are distributed locally. 
6. Cosmetically customized widgets are retailed locally. 
7. Cosmetically customized widgets are purchased locally by customers. 
8. The Plant retains control over the product quality. 
Table 3: Cosmetic Customization (Gilmore & Pine, 1997), (UK Gov, 2017), (Author) 
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1.2.3.2  I3.0-LPSC Centric Adaptive Customization Example  
Adaptive customizers offer one standard, but customizable, product that is designed 
so that users can alter it themselves. The adaptive approach is appropriate for businesses 
whose customers want the product to perform in different ways on different occasions, and 
available technology makes it possible for them to customize the product easily on their own. 
(Gilmore & Pine, 1997) 
 
1. Global or regional market forecasts create the product plan for adaptive widgets (e.g., 
Apple Watch 4 – an FDA Class 2 Medical Device). 
2. The adaptive widgets are mass produced on equipment with as high an OEE as 
possible. Standard I3.0, destructive testing and lab-based batch release methods may 
be utilized in the manufacturing facility (Batch Size 1 or RTRT is not required). 
3. The adaptive widgets are delivered (to distributors, retailers or directly to customers). 
4. The customer customizes the adaptive widget to their specific requirements. 
5. The Plant retains control over the product quality. 
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1.2.3.3  I4.0-DCSCN Centric Transparent Customization Example  
Transparent customizers provide individual customers with unique goods or services 
without letting them know explicitly that those products and services have been 
customized for them. The transparent approach to customization is appropriate when 
customers’ specific needs are predictable or can easily be deduced, and especially when 
customers do not want to state their needs repeatedly. Transparent customizers observe 
customers’ behaviour without direct interaction and then inconspicuously customize their 
offerings within a standard package. (Gilmore & Pine, 1997) 
 
1. The customer provides sample(s) (e.g., blood, DNA) and data which can provide an 
insight to their specific needs (e.g., genetic, environmental, and lifestyle factors). 
2. The samples and data are analysed (as a specialized high value digital service). 
3. A specific widget is designed for the customer (e.g., precision medicine, 3D Printed). 
NOTE: It may be a copy of a previous or standard widget or a custom formulation 
within FDA approved limits. 
4. The production of the specific widget is planned (Batch Size 1). 
5. The specific widget is manufactured by equipment and Real Time Release Testing 
(RTRT) is performed on (Batch Size 1) in accordance with FDA requirements, thus an 
Equipment Centric approach is required for the product quality. 
6. The specific widget is delivered directly to the customer. 
7. The specific widget is (Tracked & Traced) through the physical supply chain until it 
safely reaches the customer. 
Table 5: Transparent Customization (Gilmore & Pine, 1997), (UK Gov, 2017), (Author) 
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1.2.3.4  I4.0-DCSCN Centric Collaborative Customization Example  
Collaborative customizers conduct a dialogue with individual customers to help them 
articulate their needs, to identify the precise offering that fulfils those needs, and to 
make customized products for them. The approach most often associated with the 
term mass customization, collaborative customization is appropriate for businesses whose 
customers cannot easily articulate what they want and grow frustrated when forced to select 
from a plethora of options. (Gilmore & Pine, 1997) 
 
1. The customer is provided with a specialist collaborative service where they are helped 
to design their customized widget (e.g., hip replacement, organ transplant, etc.). 
2. The production of the specific widget is planned (Batch Size 1). 
3. The specific widget is manufactured by equipment (e.g., 3D Printing) and Real Time 
Release Testing (RTRT) is performed on (Batch Size 1) in accordance with FDA 
requirements, thus an Equipment Centric approach is required for the product 
quality. 
4. The specific widget is delivered directly to the customer. 
5. The specific widget is (Tracked & Traced) through the physical supply chain until it 
safely reaches the customer. 
Table 6: Collaborative Customization (Gilmore & Pine, 1997), (UK Gov, 2017), (Author) 
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1.2.4  An I4.0 Collaborative Cartography Ecosystem 
Even with an I4.0-DCSCN, the decision process within a Manufacturing Corporation 
must retain the form of a pyramid (A) as depicted in Figure 6  (IEC-62264-1, 2013). 
This pyramid consists of an Equipment Layer (1) for the Make function, a Production 
Layer (2) for the Plan function, and a Business Layer (3) for overall Corporate 
Governance. No single Corporation could contain all the knowledge required to 
accurately plot its I4.0 journey. It must work with others in an I4.0 Collaborative 
Cartography Ecosystem, as they map the routes to the various I4.0 destinations. This 
ecosystem (B) must support the Corporation (A) by providing a holistic approach for 
the process of knowledge generation, diffusion, and absorption (IfM, 2018), in the form 
of a technical innovation & talent pipeline (C). The ecosystem must be capable of 
analysing key insights from a Corporation’s Business Stakeholders (4), and leveraging 
relevant technical innovations (5), to produce implementation knowledge (6), which 
form the Maps for the I4.0 journey. These maps are specialized tools & techniques 
which must be combined with specific, relevant Knowledge Assets designed for 
efficient dissemination into the Corporation (7). Robust analysis of real-world 
implementation results (8) will provide valuable feedback of what the Journey was like 
for the traveller. This feedback loop enables the ecosystem to plot the most favourable 
I4.0 Journeys and significantly reduce the risk of disappointment for the Corporation. 
 
Figure 6: The Manufacturing Pyramid and Pipeline (Author) 
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1.3 Structuring this Research 
This research has been well informed from an Irish manufacturing perspective and 
narrowly focussed to the specific peculiarities of the Life Sciences Sector. Clearly 
recognising the differences between the current, plant centric, Industry 3.0 Linear 
Physical Supply Chain (I3.0-LPSC), and the new, equipment centric, Industry 4.0 
Digitally Connected Supply Chain Network (I4.0-DCSCN), facilitates the framing of 
the research question and a clear specification of the research aim and goals. These 
inputs combined with an ambitious, layered Agile Development Methodology has the 
potential to efficiently meet the needs of all the Stakeholders of the Manufacturing 
Corporation in an ethical fashion. 
1.3.1  Framing the Research Question  
The underpinning technologies of I4.0, outlined in section 1.1.2, and the distributed 
nature of the I4.0-DCSCN, facilitate the definition of a novel I4.0 Manufacturing Drive 
Mechanism, as depicted in Figure 7. In this scenario, the I4.0 Manufacturing Drive 
Mechanism, emanates from the I4.0-DCSCN, as opposed to the manufacturing plant, to 
control the production process. The production and equipment technologies, for the 
Plan and Make functions, are merely significant cogs, which are integrated into the I4.0 
Manufacturing Drive Mechanism.  
 
Figure 7: I4.0 Manufacturing Drive Mechanism (VDMA, 2016), (Author) 
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But the crucial question must be asked; what if the equipment which is procured does 
not connect and integrate correctly to this new I4.0 Manufacturing Drive Mechanism? 
Surely the incompatibility of the mating parts will negatively affect the performance of 
the complete mechanism, the I4.0-DCSCN will be compromised, and in extreme cases 
may even fail. A new I4.0 process is required to mitigate the risk of poor integration of 
equipment technologies. The Form, Fit, Function terminology (Watts, 2011) enables 
the research question to be depicted in Figure 8 and precisely stated as: 
Can an Industry 4.0 Equipment Procurement Process (I4.0–EPP) be developed 
to mitigate the risk that the equipment Form (1), may not be the correct Fit (2), 
to connect and integrate to the I4.0 Digitally Connected Supply Chain Network 
(I4.0-DCSCN), for the delivery of the I4.0 DigitALIZAtion Function (3)? 
 
 
Figure 8: The Research Question (VDMA, 2016), (Author) 
 
This concise research question facilitates the aim of the research and the goals which 
support it to be developed.  
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1.3.2  Research Aim and Goals  
The research aim of this work is to develop an I4.0 Equipment Procurement Process 
(I4.0-EPP) which mitigates the risk of procuring equipment that does not integrate 
correctly into the I4.0 Digitally Connected Supply Chain Network (I4.0-DCSCN) to 
cater for the Irish Life Sciences Corporation’s I4.0 DigitALIZAtion needs. The 
following goals have been developed to support this research aim: 
 
1. Research how the I4.0-EPP innovations of this work can be effectively diffused 
into the Irish Life Sciences Sector. 
2. Develop a technique and tool(s) for managing the new I4.0-EPP which mitigates 
the risk of procuring equipment that does not integrate correctly into the 
Corporation’s I4.0 Digital Supply Chain.  
3. Determine if the developed technique and tools can produce accurate results 
across the General Engineering Community. 
1.3.3  Research Methodology 
This research, in its quest to enable digitALIZAtion, must achieve balance between 
three separate but related domains; it can be visualized as a I4.0 Three-legged Stool. 
The first leg (or domain) is Academia and its associated rigor which tethers the research 
to the doctrine of good Academic working practice. The second leg is the Business 
Domain, which this research must endeavour to interface with. This domain is 
characterized by real-world, highly dynamic, and evolving systems. The third leg is the 
domain of the technical practitioner who remains focussed on the implementation of 
well proven technologies in the manufacturing equipment. As with any stool, balance 
must be achieved across all the legs, or domains, before it can be regarded as useful 
enough to facilitate acceptance and adoption. 
 
Upon review, it can be observed that the conventional Academic research format very 
closely follows the project mindset at the core of the Waterfall Software Development 
Model (Royce, 1970). With this approach the requirements are defined and locked down 
from the very beginning. The project then moves through the various Software 
Development Lifecycle (SDLC) phases (Royce, 1970). One phase is completed in its 
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entirety before moving on to the next phase and there is always a separate testing phase 
after a build phase. A significant weakness with this approach is that once the process 
has started it is extremely difficult, if not impossible, to change the requirements. 
 
Agile is an alternative software development process which supports a product rather 
than a project mindset (Sutherland, 2014). It is a well-accepted iterative design process 
in many domains with the noted exception of research (Collabnet Versionone, 2019), 
although some Academic innovators have recently started to explore its suitability 
(West, 2018). Selecting this development process for the I4.0-EPP may appear 
pragmatic to Practitioners (Schön, 2017), but this will not necessarily be the opinion of 
Academics (Sandberg, et al., 2011), and as such must be defended. The Broad Institute 
of MIT and Harvard appear to be innovators with their adoption of Agile in Academic 
research. They claim to have achieved significant efficiencies by utilizing an affinity 
group Agile Academia, to actively coach its laboratories and team members on 
incorporating such values into their day-to-day workflows and operations, (West, 
2018). Academics are correct to be cautious with the adoption of Agile Project 
Management (APM) because research has shown that it is not a panacea for everyone 
(Whitworth & Biddle, 2007), (Hidalgo, 2019). Agile will only be successful when well 
matched to the personal motivations of the researcher (Gandomani, et al., 2014) which 
can be at odds with conventional Academic metrics (Sandberg, et al., 2011). This work 
is not suggesting that the whole of Academia should migrate to APM. It merely seeks 
to defend why APM is the best choice for this researcher (Schön, 2017), engaging in 
Agile collaborative research (Sandberg, et al., 2011), for the previously defined three-
legged stool, in the I4.0-EPP domain. 
 
This work goes further than simply accepting conventional Agile Project Management 
(APM) values. Table 7 outlines how the original Agile manifesto values (1) were 
reviewed, a very cynical response (2) was evaluated, the more relevant values of the 
Broad Institute of MIT and Harvard (3) were appraised, before the specific definition 
of APM values for this work (4) were formulated. The APM values of this work have 
the potential to deliver value for the I4.0 Academic, Business, and Technical 
Stakeholders. They may even hold the key to balancing the I4.0 Three-legged Stool. 
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Table 7: This Study’s Agile Values (Cunningham, 2001), (Rakitin, 2001), (West, 2018), (Author) 
 
The changes of work practices, which this study will develop, in the domain of 
equipment procurement, will have a cascading impact to different components of the 
Manufacturing Corporation and its supply chains, akin to a synapse firing in the brain, 
where it can have a weighted influence on other activities.  Even though the primary 
focus must be to deliver a significant contribution to the body of knowledge in the 
equipment domain, it cannot be allowed to fall into the trap of simply studying 
equipment technology in isolation. Conversely, it must be careful to not try and boil the 
ocean by spreading itself too thin across the full Manufacturing Corporation. These 
issues can be addressed by applying the Agile Values outlined in Table 7, with a 
different depth of rigour at each specific layer of the Corporation. Such a layered 
approach enables the definition of a single coherent Research Methodology, as outlined 
in Figure 9. 
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Figure 9: Research Methodology (Author) 
 
The different layers of the Research Methodology, depicted in Figure 9, can be 
explained as follows: 
 
1. A single Minimum Viable Product (MVP) shall be recommended to the 
Business Layer. It will be made available for Practitioners in the Business 
Domain to subject to UAT as part of their future research and development.  
2. A single MVP shall also be recommended to the Production Layer. It will be 
made available for Practitioners in the Business and Production Domains for 
User Acceptance Test (UAT) as part of their future research and development. 
3. At the Equipment Layer, each Minimum Viable Product (MVP) will be 
subjected to User Acceptance Testing (UAT) which subsequently informs the 
re-design process. This iterative process will be repeated until the Research 
Goals, specified in Section 1.3.2, are deemed to have been met. 
 
Utilizing a layered Research Methodology ensures that this research remains primarily 
focused on the Equipment Layer, while proposing an efficient interface to the higher 
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layers. By doing so, this researcher can achieve the required level of Academic detail 
to defend a PhD qualification in the equipment domain. It also provides a strong 
common thread, to suggest future related research, by other specialists, at the production 
and business levels of the Corporations. 
1.4 Outline 
This Chapter highlights an urgent requirement for the Irish government to embrace 
some of the novel visions of Industry 4.0, as it supports the Irish Life Sciences Sector 
to remain and flourish as a world-class player in the future. Other high-end competitors 
and collaborators most certainly have Industry 4.0 clearly on their radar. To this end the 
Irish government has unfolded a bold National Industry 4.0 (I4.0) 2020-2025 Strategy. 
Unfortunately, as with the core of Industry 4.0, this strategy is merely a group of loosely 
coupled ideals and aspirations in the form of a roadmap. It lacks a clear pathway or 
route between the implementation of DigitIZAtion (IZA) technologies in manufacturing 
equipment and the DigitALIZAtion (ALIZA) destination required by the Business. This 
research has identified the requirement for an Industry 4.0 Equipment Procurement 
Process (I4.0-EPP) to provide a pathway capable of guide the Corporation on their 
Digital Transformation journey. 
 
Chapter 2 starts the literature review by exploring how key innovations have previously 
been successfully diffused in the Manufacturing Sector, in terms of newness, Social 
Systems and Communication Channels. The influences at play in both the Business and 
Technical Domains, of the Life Sciences Sector, are discussed and examined in detail. 
An array of common engineering tools, and the I4.0 standards are explored in detail, to 
inform the development phase of this study. Equipment technologies are then reviewed 
from both a Business and Technical perspective. Significant variance is observed, which 
highlights an unacceptable risk of selecting inappropriate I4.0 technologies and veering 
off the narrow I4.0-EPP pathway. This variance clearly establishes the requirement for 
a new occupation of Industry 4.0 Equipment Systems Engineer (I4.0-ESE), capable of 
guiding the Corporation safely on its I4.0-EPP path. The Chapter concludes by 
reviewing development methods capable of supporting the creation of innovative tools 
& techniques, which the I4.0-ESE can use to safely navigate the I4.0-EPP pathway. 
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Chapter 3 delivers several significant contributions in the form of Minimum Viable 
Products (MVPs) of tools and techniques, capable of providing a Comprehensive 
Digital Transformation Workflow, for Manufacturing Corporations in the Irish Life 
Sciences Sector. It initially focusses on tools to support Business Stakeholders, for the 
definition of their required DigitALIZAtion (ALIZA) destination, in terms of User 
Story, Vision, Strategy, and Tactics. The DiVOM technique is then developed to support 
I4.0-ESEs as they manage the implementation of the required DigitIZAtion (IZA) 
technologies in the manufacturing equipment, which supports the User Story. An 
Overall Systems Effectiveness (OSE) rating is developed, to supplement the currently 
inadequate Overall Equipment Effectiveness (OEE) and help the I4.0-ESE mitigate 
significant risks as they proceed along the I4.0-EPP pathway. 
 
Chapter 4 utilizes a Participatory Action Research (PAR) methodology to perform User 
Acceptance Testing (UAT) of the DiVOM technique and OSE Calculator Tool, which 
have been developed in Chapter 3. The first PAR Cycle evaluates if significant value 
can be derived by Practitioners utilizing this technique and tool to manage their I4.0-
EPP journey. The second PAR Cycle determines if engineers can be trained to be I4.0-
ESEs capable of reading the signs on the I4.0-EPP pathway. The third and final PAR 
Cycle quantifies the accuracy which the General Engineering Community can achieve 
with the technique and tools as they measure a specific reference point on the I4.0-EPP 
pathway. These three PAR cycles provide conclusive evidence of the value which can 
be derived, and the accuracy which can be achieved, by the Irish Life Science Sector, 
from these significant contributions. They also provide a proven framework of how both 
knowledge and competence can be managed to support I4.0-ESE and the I4.0-EPP. 
 
Chapter 5 concludes this dissertation by commenting on the achievements of the goals 
and discussing results which warrant further investigation. It outlines future work which 
this researcher will conduct in the technical and educational domains. Further study is 
also proposed for the advancement of the concept of the ALIZA umbrella framework 
by researchers with access to the Corporate Business Domain. Chapter 5 concludes with 
a rational reflective walk through the choice of research goals and elaborates on how 
each goal in this project was achieved. 
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2  LITERATURE REVIEW  
Chapter 1 has clearly outlined the rationale for this research. It provides the supporting 
data and statistics to highlight the need and urgency for an Industry 4.0 Equipment 
Procurement Process (I4.0-EPP), which mitigates the risk of procuring equipment that 
does not integrate correctly into the I4.0 Digitally Connected Supply Chain Network 
(I4.0-DCSCN), to cater for Irish Life Sciences Corporation’s I4.0 DigitALIZAtion 
needs. It then developed clear research goals to provide a framework for the subsequent 
thesis. The stated research goals will attempt to balance the I4.0 Three-legged Stool, by 
delivering different value propositions for the I4.0 Business, Technical and Academic 
Stakeholders. Academic Stakeholders are major contributors to this study. Without 
their input this would merely be another valuable piece of Industrial work, resulting in 
just another Industrial white paper; it would not change anything. The application of 
Academic rigour to the research process, for the delivery of the stated goals, will ensure 
that the study has been performed to a high standard, does not contain bias, and is of an 
acceptable quality to be utilized by the other Stakeholders. It will have the potential to 
deliver change for those who wish to adopt it. 
 
Business Stakeholders at a political, sectoral, and corporate level are primarily focussed 
on the first and third research goals outlined in Section 1.3.2. Their objective will be to 
determine if I4.0-EPP innovations can be efficiently diffused and deliver competitive 
advantage in their respective domains (IfM, 2018), (DBEI, 2019). A robust foundation 
will be provided for the work in subsequent Chapters, by reviewing significant factors 
which could influence the diffusion of the I4.0-EPP innovations in the Irish Life 
Sciences Sector. Chapter 3 and 4 will build on this review and address research goal 2 
and 3 by outlining the development of the I4.0-EPP technique and tool(s) and then 
evaluating their accuracy. 
 
This Chapter starts by defending the selection of benchmark metric systems, such as, 
Overall Equipment Effectiveness (OEE) and Six Sigma which have encompassed, as 
part of their structure, some fundamental innovations that have been successfully 
implemented in their respective system. More importantly, they have both introduced 
advances in manufacturing metrics globally. It then performs a high-level review of 
both. The key requirements and definitions for the Diffusion of Innovation (Rogers, 
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1983), (Rogers, 2003) are explored to better understand how the innovations developed 
during this study can be optimized for diffusion. These definitions help to focus the 
review of Six Sigma under the primary headings of innovation versus newness and 
Social Systems combined with Communication Channels. A comprehensive picture is 
then provided of all the significant actors at play, by narrowing the focus of the review 
to the specific layers of the MAKE function, in the Life Sciences Sector. This approach 
facilitates an evaluation of the effect which heterophily may have on selection of 
equipment technology. The review then concludes with an evaluation of how Human 
Centred Design (HCD) and the associated Participatory Action Research (PAR) can be 
applied to this study while meeting the Academic requirements of a Thesis.  
2.1 Key Innovations in the Manufacturing Sector  
The analysis of innovations in the Manufacturing Sector, outlined in Figure 10, 
highlights OEE (A) and Six Sigma (B) as particularly relevant. They provide clearly 
quantifiable Key Performance Indicators (KPIs) capable of managing a process in the 
Manufacturing Sector. Others do not. 
 
Figure 10: American Manufacturing Industry Innovations (Cerasis, 2016)  
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With the focus clearly set on OEE and Six Sigma (6σ) innovations it is prudent to 
conduct a high-level review of each. The purpose of these high-level reviews to identify 
any immediately obvious factors and to determine which specific areas to focus the 
detailed review on. 
2.1.1  High-Level Review of OEE 
Overall Equipment Effectiveness (OEE) (Vorne Industries, 2002), (Subramaniam, et 
al., 2009; Liliane, et al., 2008) is current best practice for monitoring manufacturing 
equipment. OEE is the product of three components (Availability * Performance * 
Quality) all expressed as a percentage ranging from 0 to 100%, whereby 0 is worst and 
100% is best. The numeric KPI of OEE, combined with the simple formula provides an 
excellent low floor insight into the equipment. However, for a technology innovation 
to be effective, it should provide easy ways for Novices to get started (low floor) but 
also ways for them to work on increasingly sophisticated projects over time (high 
ceiling) (Papert, 1993). 
 
The standard low floor approach (Vorne Industries, 2002; Subramaniam, et al., 2009; 
Liliane, et al., 2008) assumes that the equipment has only two states (Available and 
Down). This two-state model leads to significant inconsistencies (Informance, 2009). 
A more comprehensive state model, as defined by ISA88.05 (IEC-61512-1, 1997), 
implemented directly in the equipment controller, facilitates a detailed analysis of 
exactly how the equipment is operating and highlights where the losses are occurring. 
This high ceiling technique based on the ISA88.05 (IEC-61512-1, 1997) state model 
has been demonstrated to be robust (Loughlin, 2003; Loughlin & McFeeley, 2006). 
 
This review concludes that there is a fundamental flaw with OEE, which must not be 
repeated. OEE only has a low floor; there is no high ceiling. It may be possible to 
overcome the stated issue by researching and developing the high ceiling of the domain 
at the outset, and subsequently creating a low floor for the Novices, with a robust link; 
a ladder, between the two. The use of percentages, based on a very simple formula, 
appears to have significant advantages for the creation of the low floor and may prove 
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2.1.2  High-Level Review of Six Sigma 
When it was first adopted in the 1980’s, Six Sigma (6σ) consisted of three primary tools. 
These tools were based on Statistical Process Control (SPC), Applied Diagnostic 
Methods (ADM) and Design of Experiments (DoE) (Harry, 2010). Over the subsequent 
decades the original Define-Measure-Analyse-Improve-Control (DMAIC) process was 
supplemented with other tools and techniques  (Pyzdek, 2003), as outlined in Table 8. 
Define Measure Analyse Improve Control 




VoC, QFD, SIPOC Run Charts 
Design of 
Experiment 
Prototype Studies FMEA 
Value Stream Map Pareto Chart FMEA Pilot Studies ISO 9000 
Table 8: DMAIC Technique & Tools (Pyzdek, 2003) 
 
The tool neutral DMAIC acronym which Six Sigma uses to define their performance 
improvement technique (Pyzdek, 2003), should be commended. Decoupling the tools 
from the overall technique safeguards the technique against obsolescence when new 
tools are introduced, or old ones retired. Any techniques which are developed should 
explore the potential of utilising this tool neutral acronym feature. Table 8 clearly shows 
that Six Sigma has a very high ceiling compared to OEE. Significant technical expertise 
is required to fully understand all the DMAIC tools used in Six Sigma (Pyzdek, 2003). 
The Sigma method of measurement could be regarded as a low floor, but a novel belting 
system (Ames, 1998) provides a robust link or ladder, between the floor and ceiling. 
Motorola supplemented the belting system, with their own comprehensive training and 
certification framework (Arizona State University, 1987), (Motorola Inc., 1990). This 
approach ensured that it was possible for technical staff to climb the ladder at the speed 
of Business as opposed the speed of Academia. It is worth noting that Six Sigma utilized 
Business Leaders with a Corporation specific focus, as opposed to Academic leaders 
with a more generic educational remit, to manage the technical knowledge diffusion 
and absorption stages of the innovation process (DBEI, 2019), (IfM, 2018). A 
knowledge diffusion and absorption method should be designed for the innovations 
associated with the Industry 4.0 Equipment Procurement Process (I4.0-EPP) if the 
success of Six Sigma is to be emulated.  
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2.2 Diffusion of Innovations 
In 1962, Everett Rogers significantly progressed Tarde’s original innovation diffusion 
research (Kinnunen, 1996), by developing his own Diffusion of Innovations theory, 
which explained how, why, and at what rate new ideas and technology are spread. Since 
then, diffusion has rapidly grown to become one of the most extensively researched 
fields within the behavioural science domain, delivering more than 5,200 research 
publications per annum (Rogers, 2003). This extensive research output has required five 
editions of Everett Rogers Diffusion of Innovation book, each about a decade apart 
(1962, 1971, 1983, 1995, 2003), to cater for the significant turning points in the body 
of knowledge in the domain, centred around the original key definitions summarized in 
Table 43, of Appendix A. Tarde and Roger’s background in the social sciences left them 
positively disposed to researching diffusion (passive spread), while they all but ignored 
the equally powerful medium of dissemination (active and planned efforts to persuade 
target groups to adopt an innovation), observed by (Greenhalgh, et al., 2004), and 
illustrated in Figure 54 of Appendix A. 
 
Numerous researchers strongly support Roger’s Diffusion of Innovations ethos, leading 
the researcher to conclude that its innovations are very likely to be diffused and adopted, 
if they can (1) gain the attention of Opinion Leaders who exert a positive influence on 
their colleagues (Becker, 1970), (Coleman, et al., 1966), (Greenhalgh, et al., 2004) in 
the ISPE’s (2) homophilious, (3) informal, horizontal networks (Fennell & Warnecke, 
1988), (Valente, 1996), (West, et al., 1999), (Fitzgerald, et al., 2002). Dissemination, 
on the other hand, appears to require (4) a Champion within the specific Corporation 
(Backer & Rogers E, 1998), (Markham, 1998), (Meyer & Goes, 1988), (Schon, 1963). 
It would be unreasonable to expect the output of this work to attract the attention of a 
Business Champion at such an early stage, thus the focus should remain on diffusion, 
and the investigation of dissemination should be deferred to future researchers. 
 
The underlying ethos of Diffusion of Innovations is supported by the additional 
references collated in Table 43, of Appendix A. These references will be used in 
Chapter 3 to ensure that the required diffusion features are included in the design of the 
innovations for the I4.0-EPP. Unfortunately, Rogers summary of the extensive body of 
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research falls well short of catering for the specific requirements of the Life Sciences 
Sector. Even in the fifth edition of his Diffusion of Innovations book (Rogers, 2003) 
there are no significant insights or case studies relating to manufacturing equipment or 
production systems. There is only a single example of an innovation relevant to the Life 
Sciences Sector and there is no examination of how the OEE, or Six Sigma innovations 
have achieved such extensive diffusion within Manufacturing Corporations. 
 
The OEE metric is used as a KPI throughout all the layers of the Manufacturing 
Corporation described in Figure 9, on Page 22. Even though OEE is often utilized to 
drive change at (A) the Equipment Layer, it is not a significant change agent at (B) the 
production or (C) the Business Layer, thus its impact is weak. Six Sigma, on the other 
hand, is utilized to drive significant process improvement by enabling change 
throughout the complete Corporation. It works at equipment (ASQ, 2020), production 
(Harry & Schroeder, 2006) and Business Layers (Harry, 2004). It has gained widespread 
adoption and been successfully diffused as a management strategy throughout a 
significant number of Corporations (Harry, 2004). Thus, 6σ should be the primary focus 
for reviewing how Diffusion of Innovation can occur in the Manufacturing Sector. 
 
Valuable insights have been derived in the following sections by analysing the diffusion 
of the Six Sigma (6σ) innovation, in terms of the key definitions outlined in Table 43 in 
Appendix A. However, not all the definitions are of equal importance at this specific 
point in time. Examining 6σ in terms of innovation & newness enables this research to 
define key factors for inclusion in the design of its innovations. Understanding the 
Social Systems & Communication Channels at play, both within the Manufacturing 
Corporation and the Life Sciences Sector, facilitates the definition of appropriate Social 
Systems to support the diffusion process. The time factor, outlined in Table 43, is future 
facing with respect to this research. It would be purely speculative at this stage; thus, 
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2.3 Innovation versus Newness 
An innovation is an idea, practice or object that is perceived as new by a 
Manufacturing Corporation. an individual or other unit of adoption. (Rogers, 1983). 
The definition of new is extremely important in this context. (Rogers, 1983) asserts that 
newness in an innovation need not involve new knowledge. This directly contradicts the 
highly knowledge centric focus which Ireland is endorsing for Industry 4.0 (DBEI, 
2019), (IfM, 2018). Is the Irish Industry 4.0 strategy being strongly influenced by 
Academic as opposed to Business or Technical Stakeholders? 
 
A critical review of the newness of the Six Sigma tools, contained in Table 8, reveals 
that they all existed prior to the real Six Sigma innovation. This appears to support the 
definition of newness, as it relates to innovation, which may be expressed in terms of 
knowledge, persuasion, or decision to adopt (Rogers, 1983). Figure 11 clearly 
demonstrates that the real trigger of persuasion for Six Sigma occurred in 1979 when 
Art Sundry, an executive at Motorola, highlighted that our quality stinks (Motorola Inc., 
1980). In the 1981 to 1986 period Motorola focussed on Quality, but they officially 
decided to adopt the Six Sigma innovation in 1986. From then on, the Six Sigma 
innovation provided a single umbrella brand, which was utilized to drive the new 
quality focus throughout the complete Corporation. 
 
In 1987, Motorola Business Leaders instructed their Business Units to benchmark and 
report widget quality on the sigma scale of measure. This instruction demonstrated the 
Corporation’s commitment to widespread adoption of Six Sigma. These Business 
Leaders must have been dismayed with the revelation that their average capability was 
four sigma. Four Sigma results in more than 6,000 Defects Per Million Opportunities 
(DPMO) (Motorola Inc., 1987), compared to the 3.4 DPMO of six sigma. The 
understandability of Sigma KPI easily spanned the Business and Technical Domains. 
Thus, it facilitated immediate Corporate sponsorship, a critical enabler on the journey 
to quality. The Sigma Key Performance Indicator (KPI) enabled Motorola’s Corporate 
leadership to create a roadmap for their Quality Strategy with a 2-year 10X 
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Figure 11: Six Sigma Persuasion and Decision (Main, 1994), (Motorola Inc., 1980) 
 
After reviewing the innovation of Six Sigma, the researcher has concluded that 
fundamental change can be achieved, and extraordinary results delivered when a 
Corporation states a clear destination (quality), with a well-defined roadmap, based on 
an innovative KPI (Sigma) supported by robust tools & techniques such as those 
outlined in Table 8. It can also be concluded that rapidly responding to the Triggers 
which industry leaders are highlighting, will be of significantly more value to Business 
Stakeholders than being overly focussed on new knowledge (DBEI, 2019), (IfM, 2018). 
Thus, where possible existing tools and techniques should be leveraged to provide 
innovative KPI(s), capable of supporting the Corporation’s digital destination, with a 
well-defined roadmap. 
2.4 Social System & Communication Channels  
When viewed from a Diffusion of Innovation perspective, 6σ appears to have used 
Quality to create its own social system as a set of interrelated units that are engaged in 
joint problem solving to accomplish a common goal. This sharing of a common 
objective binds the system together (Rogers, 1983). However, if Quality is the common 
objective, the question remains as to why there are so many different opinions on the 
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exact definition of Six Sigma (ASQ, 2020)? The answer appears to lie in the effect 
which homophily and heterophily have on innovation.  
Homophily is the degree to which two or more individuals who interact are 
similar in certain attributes, such as beliefs, education, socioeconomic status, 
and the like. In a free-choice situation, when an individual can interact with any 
one of several other individuals, the tendency is to select someone who is very 
similar. Heterophily, the opposite of homophily, is defined as the degree to 
which two or more individuals who interact are different in certain attributes. 
(Rogers, 2003) 
 
It appears that service providers are free to adopt the definition of Six Sigma as they 
wish. This creates a situation whereby definitions are designed to appeal to the 
homophily requirements of the specific layer which the service provider targets in the 
Corporation. In this scenario, Business and Technical Stakeholders will naturally prefer 
to interact with respective peers outside of the Corporation, rather than each other. Even 
though they work for the same Corporation, the Business and Technical Stakeholders 
are quite heterophilious. By assisting Business and Technical Stakeholders to internally 
collaborate for the definition of their Digital MAKE function, this research could 
effectively overcome such internal heterophily 
2.4.1  Defining a Digital MAKE Common Goal for Life-Sciences 
The key characteristics of the 6σ social system will be utilized to define its common 
goal as outlined in Figure 12. The high-level Digital (1) term will be used, in the same 
way that 6σ used the high-level Quality (2) term to define a common objective to bind 
the MAKE function together. This study will go further than 6σ by catering for the 
heterophilious nature of the MAKE function from the outset. This can be achieved by 
drawing a clear distinction between the DigitALIZAtion (ALIZA) (A) desires of the 
Business Layer and the DigitIZAtion (IZA) (B) requirement at the Equipment Layer. 
Utilizing two distinctly different terms, under the singular digital objective, facilitates a 
hierarchy of Social Systems, with the freedom to cater for their own specific homophily 
(the degree to which individuals are similar) and heterophily (the degree to which 
individuals differ) requirements, while continuing to remain aligned to a common 
overall digital objective. This approach avoids the confusion associated with totally 
different interpretations (C and D) for a single term such as 6σ. 
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Figure 12: A Digital MAKE Common Goal (Author) 
The common Digital MAKE goal outlined in Figure 12 falls short of painting the full 
picture for the Life Sciences Sector, which is heavily regulated. This sector exhibits 
specific characteristics which must be explored in more detail and included in the 
design. 
2.4.1.1  The Life Sciences Sector 
Diffusion of innovation is: 
 highly dependent on the communicated experience of near peers. most people 
depend mainly upon a subjective evaluation of an innovation that is conveyed to 
them from other individuals like themselves who have previously adopted the 
innovation. (Rogers, 1983) 
 
The initial CEO level sponsorship of 6σ by Bob Galvin (Main, 1994), clearly 
established Motorola’s innovator position in this diffusion cycle (Rogers, 2003). 
Galvin’s sponsorship eased the way for early adopters such as ABB, Allied Signal, GE, 
and DuPont (Harry, 2004), followed by a significant majority such as Sony, Honda, 
Maytag, Raytheon, Texas Instruments, Bombardier, Canon, Hitachi, Lockheed Martin, 
and Polaroid (Harry & Schroeder, 2006). There is a notable absence of Manufacturing 
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Corporations from the Life Sciences Sector in the list of 6σ adopters. This has also been 
highlighted recently by the FDA, who stated that while Six Sigma quality has long been 
achieved in other industries, it is rarely seen in the pharmaceutical sector (Yu & 
Kopcha, 2017). It appears that the Communication Channels and Social Systems in the 
Life Sciences Sector have unique characteristics. 
 
The product development cycle for the Life Sciences Sector has been examined in 
Section 1.2.3, on Page 10. It is worth noting that the effect of regulation reaches far 
beyond FDA approval, and extends to a post market surveillance phase of indefinite 
duration, as outlined in Figure 5, on Page 10. For example, in 2019, the U.S. Food & 
Drug Administration (FDA) conducted 47 inspections in Ireland. These resulted in 1 x 
Official Action Indicated (OAI), 17 x Voluntary Action Indicated (VAI) and 29 x No 
Action Indicated (NAI) (FDA, 2019). The FDA have various forms of enforcement 
actions such as warning letters, seizure, injunction, criminal prosecution, and criminal 
fines (FDA, 2017). In extreme cases, the FDA’s Office of Criminal Investigations has 
the authority to classify individual offenders as fugitives (FDA-OCI, 2016). The FDA’s 
enforcement powers are significant influencing factors within their social system, but 
they pale into insignificance compared to the affects that FDA approval, action, or drug 
recall have on a Corporation share price. The FDA clearly has the power to either make 
or break even the largest of Corporations in the Life Sciences Sector. 
 
The Food and Drugs Administration (FDA), European Medicines Agency (EMA), and 
Health Products Regulatory Authority (HPRA) are responsible for protecting the health 
of citizens in the United States, EU, and Ireland. These regulatory bodies issue 
guidelines and standards which Manufacturing Corporations in the Life Sciences Sector 
must comply with. A sample of their publications is summarized in Table 9. 
 
ORG DATE PUBLICATION 
FDA Sep-04 Pharmaceutical CGMPs for the 21st Century – A risk-based approach, Final Report 
FDA Sep-04 
Guidance for Industry, PAT – A Framework for Innovative Pharmaceutical Development, 
Manufacturing and Quality Assurance 
FDA Nov-09 Q8(R2) Pharmaceutical Development 
FDA Oct-11 Regulatory Perspective on Real Time Release Testing (RTRT) 
EMA Mar-12 Guideline on Real Time Release Testing (formerly Guideline on Parametric Release) 
FDA Apr-12 Quality by Design for ANDAs: An Example for Immediate-Release Dosage Forms 
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ORG DATE PUBLICATION 
EMA Sep-15 ICH guideline Q10 on pharmaceutical quality system 
EMA Sep-15 ICH guideline Q9 on quality risk management 
EMA Jun-17 ICH guideline Q8 (R2) on pharmaceutical development 
FDA Sep-17 
Advancement of Emerging Technology Applications for Pharmaceutical Innovation and 
Modernization Guidance for Industry 
FDA Jan-20 
Proposed Regulatory Framework for Modifications to Artificial Intelligence/Machine Learning 
(AI/ML)-Based Software as a Medical Device (SaMD) - Discussion Paper and Request for 
Feedback 
Table 9: FDA / EMA Publications (Author) 
 
Pharmaceutical and Medical Device Manufacturers are supported, to meet or exceed 
regulatory standards, by the International Society of Pharmaceutical Engineering 
(ISPE). Since 2007 ISPE member have produced both Guidance Documents (GD) and 
Good Practice Guides (GPGs) for Good Automated Manufacturing Practice (GAMP) 
in the FDA regulated sectors. The ISPE Guidance Documents (GDs) are produced by 
manufacturing Practitioners. They provide the practical real-world information which 
helps companies to build on current best practice to meet and exceed regulatory 
compliance. The Good Practice Guides (GPGs) provide a narrower interpretation of 
specific regulatory standards and focus more on the how-to. When the ISPE’s GAMP 
publications are arranged in chronological order, as outlined in Table 10, it becomes 
apparent that from 2014 there has been a clear focus on the I4.0 underpinning 
technologies depicted in Figure 2, on Page 4. These ISPE publications combined with 
their registration of Pharma 4.0™ - the implementation of new I4.0 based 
manufacturing concepts in the Pharmaceutical Industry (TESS, 2018) clearly 
demonstrate that the ISPE is responding to the digitIZAtion requirements of the Life 
Sciences Sector.  
 
DATE PUBLICATION 
Jul-07 GAMP GPG: Electronic Data Archiving 
Feb-08 GAMP 5 GD: A Risk-Based Approach to Compliant GxP Computerized Systems 
Jan-10 GAMP GPG: Operation of GxP Computerized Systems 
Feb-10 GAMP GPG: Manufacturing Execution Systems 
Feb-11 GAMP GPG: GxP Process Control Systems 
Oct-12 GAMP GPG: GxP Compliant Laboratory Computerized Systems 
Dec-12 GAMP GPG: Testing GxP Systems 
Oct-14 GAMP GPG: Regulated Mobile Applications 
Feb-17 GAMP GPG: Global Info Systems Control & Compliance 
Mar-17 GAMP GD: Records & Data Integrity 
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DATE PUBLICATION 
Aug-17 GAMP GPG: IT Infrastructure Control and Compliance 
Oct-18 GAMP RDI GPG: Data Integrity - Key Concepts 
May-19 GAMP RDI GPG: Data Integrity - Manufacturing Records 
Table 10: ISPE GAMP Publications (Author) 
 
Based on this review, it can be concluded that the Digital MAKE Common Goals (for 
Life Sciences), as depicted in Figure 13, must be expanded to include a compliance 
focus (2) which includes the guidance of the applicable regulatory authority (C) (e.g., 
FDA, EMA, HPRA) and the knowledge centric Communication Channels specific to 
the domain (D) (e.g., ISPE). 
 
Figure 13: Digital MAKE Common Goals for Life Sciences Sector (Author) 
 
But the review does not end there. The effects of homophily (the degree to which 
individuals are similar) and heterophily (the degree to which individuals differ) at both 
the Business and Technical Layers, within the specific MAKE function, must be 
explored in detail to identify key factors for inclusion in the design of the solutions 
which Chapter 3 will develop.  
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2.4.2  Homophily & Heterophily at the Business Layer  
Business Stakeholders utilize tools such as the Digital Compass, depicted by Figure 14  
(McKinzie, 2015) to rapidly acquire meaningful insights into factors affecting the 
business variables which they manage. The desire for valuable insights has spawned a 
homophilious $125 billion per annum Corporate level management consulting services 
sector (Consultancy.co.uk, 2015). These consultants provide strategic direction for 
Business Stakeholders in the world’s most successful Corporations. McKinsey & 
Company; the largest of such consulting service providers in the Manufacturing sector 
(WhoKnowsAbout, 2015), make extensive use of tools such as their Digital Compass, 
to assist Business Stakeholders formulate a strategy for the implementation of relevant 
Industry 4.0 technologies. 
 
McKinsey, and their counterparts, utilize the six principles of influence which guide 
human behaviour (Cialdini, 2006), to achieve an extremely persuasive homophilious 
position with their clients. They have (1) authority (by being the biggest), deliver (2) a 
consistent approach (using their digital compass), which claims to have achieved a (3) 
homophilious consensus amongst Manufacturing Corporation peers (in published case 
studies). Their consultants are highly skilled and accomplished, thus it is relatively easy 
for them to achieve a high degree of (4) liking or acceptance by their peers, deliver (5) 
reciprocity by sharing their publications and create a situation of (6) scarcity of insight 
within the Corporate mind-set of their clients. Tools such as the Digital Compass, 
depicted in Figure 14, appeal strongly to the desirability requirements (IDEO, 2015) of 
Business Leaders by clearly quantifying the business benefits (2) which the Industry 4.0 
levers (3) can have on the familiar value drivers (1). 
 
But what really are these Industry 4.0 levers? To the Technical Stakeholders they appear 
to be nothing more than a list of Technology Functions or classification buckets. There 
is no further informative / characterising detail or application clarification given. It 
appears to be simply a heat map of terms. There is no allowance that any one of these 
technologies may be available in drastically different Forms [Form as terminology 
(Watts, 2011)]. The heterophilious nature of the relationship between the Business and 
Technical Stakeholders make it extremely difficult for them to communicate on this 
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topic. They both have a very different technical grasp of the topic and for that reason 
they speak a different language. Business consultants can very easily claim that 
concerns raised by a Manufacturing Corporation’s technical audience, are just 
implementation details. But the fact that only about 40% of consulting projects deliver 
value for the client Organisation (Consultancy.uk, 2018) may indicate that the devil is 
in the detail.  
 
 
Figure 14: McKinzie Digital Compass – The Value Focus (McKinzie, 2015)  
Implementing the wrong Form [Form as terminology (Watts, 2011)] of a technology, 
for the organization, may prove to be a significant contributing factor, to this alarming 
lack of value (Consultancy.uk, 2018). Prudent utilisation of the Gartner Hype Cycle 
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(Gartner, 2018) may assist the Corporation to ensure that it is not investing in a 
technology which is merely hype. The objective while implementing such technologies 
should be to achieve a state of enlightenment and productivity, while never having to 
suffer from disillusionment (Gartner, 2018). NASA provide a very robust methodology 
for the determination of the Technology Readiness Level (TRL) (NASA, 1995). It is 
worth noting that the system boundaries, which are critical to the accuracy of 
classification in the TRL 6 to 9 range, could vary significantly between Organisations. 
The domain expertise of Technical Stakeholders may be critical for the successful 
implementation of the optimum Form of a technology, for a specific Corporation. 
 
One must strive to overcome the heterophily (the degree to which individuals differ) 
between Business and Technical Stakeholders regarding digital technologies. A 
methodology, with practical examples, is required to assist Business Stakeholders as 
they rapidly communicate their DigitALIZAtion vision, so that their technical 
colleagues can characterize the key Forms [Form as terminology (Watts, 2011) of the 
relevant DigitIZAtion technologies. Overcoming this heterophily could deliver 
considerable business benefit for the Manufacturing Corporation. It will significantly 
reduce the risk of implementing an inappropriate Form of a digital technology, while 
reducing the requirement for, and dependency on, homophilious Business Level 
Consultants in the Digital Domain. 
2.4.3  Homophily at the Technical Layer  
Technical decision makers are responsible for ensuring that the specific technology 
which they select can be successfully implemented in their Manufacturing Corporation. 
Consultancy-based persuaders are not as dominant in the technical domain. But 
homophily (the degree to which individuals are similar) exists and persuasion remains 
a major factor, albeit in a different format. The actors in the technical domain can be 
broadly defined as suppliers, professional disciplines, and technical standards. Each of 
these actors are reviewed in the following sections. 
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2.4.3.1  Suppliers  
NASA has pioneered the concept of Technology Readiness Levels (TRLs) (NASA, 
1995). TRLs enable the systematic assessment of a technology’s maturity, while 
facilitating a consistent comparison of maturity between different Form of a technology. 
This study, as outlined in Table 11, has reviewed NASA’s definition for each TRL (1), 
adopted the terms for manufacturing equipment (2), and superimposed the primary 
suppliers (3). The primary suppliers, in the I4.0 Equipment Domain, were classified as 
Academic Researchers, Technology Providers and System Integrators. Academic 
researchers were found to be extremely theory centric and motivated by the KPIs of 
publications, novelty, and prestige (Science Foundation Ireland, 2017). Technology 
Providers exhibited a sales and implementation centric focus, based on the KPIs of cost, 
schedule, and quality (Project Management Institute Inc., 2013). System Integrators 
revealed an application centric ethos, whereby they strive to implement desirable, 
feasible and viable (IDEO, 2015) solutions. Table 11 clearly highlights the requirement 
for Manufacturing Corporations to focus on leveraging novel leading edge (TRL 6 to 
9), but not bleeding edge (TRL 1 to 5) technical solutions.  
 
Table 11: The Suppliers TRL Focus (NASA, 1995), (Author) 
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Thus, this review recommends that the technical decision makers should ensure that 
they create a hierarchy of technical influence. System Integrators, based on their high 
TRL focus, should be clearly established as the primary influencers, while Technology 
Providers and Academic researchers are highly valuable information sources for 
medium and long-term technology trends. 
2.4.3.2  Professional Disciplines  
Industrial engineering has evolved from just the mechanical engineering discipline of 
Industry 1.0 to numerous different disciplines which cater for the many and varied 
technological advancements. Each of these disciplines have their own tools and 
techniques which can be thought of as the tricks of their trade. A shortlisting of some 
(by no means all) commonly used engineering tools reveals the Failure Mode Effect 
Analysis (FMEA) of the process engineers (Pyzdek, 2003), the GAMP Risk 
Classification of the validation engineers (Martin & Perez, 2008), Design for 
Manufacture and Assembly of the design engineers (Boothroyd, et al., 1994) the VDMA 
toolbox of the mechanical engineers (VDMA, 2016) and Overall Equipment 
Effectiveness (OEE) of the production engineers (Vorne Industries, 2002). By 
reviewing these commonly used engineering tools this study has informed itself of the 
familiar characteristics which appeal to the engineering disciplines. A robust 
understanding of these characteristics will enlighten the design of any techniques and 
tools developed in Chapter 3. 
 
An initial review of these tools identified three common factors which were used to 
varying degrees: namely measurability, visibility, and understandability. The 
measurability metric facilitates accuracy, with the ideal form as a numerical Key 
Performance Indicator (KPI) expressed as a percentage. The visibility metric utilizes 
colour coded visual aid semaphores, to support rapid human interpretation of the 
relative value of a measured variable, within an overall population. The most common 
convention utilized traffic light colours whereby green = optimal, orange = marginal, 
red = sub-optimal and grey = unknown or not applicable. The understandability metric 
directly affects both adoption and accuracy, with the ideal form of low floor & high 
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A detailed review of each tool was conducted against the three identified factors of 
measurability, visibility, and understandability. The results have been summarised in 
the best of each tool matrix outlined in Table 12. Traffic light colours were utilized to 
depict conformance to the best-in-class metrics of a numerical Key Performance 
Indicator (KPI) expressed as a percentage (1), colour coded visual aid semaphores (2), 
and low floor & high ceiling (3). Table 12 clearly shows that the VDMA Toolbox and 
OEE can both be significantly improved by utilising the key design features of the other 




Table 12: Best of Each Tool Matrix (Author) 
2.4.3.2.1 FMEA and GAMP 
The Failure Mode Effect Analysis (FMEA) (Pyzdek, 2003) and GAMP Risk 
Assessment methods (Martin & Perez, 2008) have the same objective of classifying 
risks, but they do so in very different ways. FMEA calculates a Risk Priority Number 
(RPN) which is the product of three components (Severity * Occurrence * Detectability) 
all of which have a numerical value between 1 and 10. The GAMP 5 Risk Assessment 
method assigns a Low, Medium, or High score, which are colour coded green, orange 
and red respectively to the components (Severity, Probability and Detectability). A 
matrix is then utilised to determine if a risk is a low, medium, or high priority. Both 
techniques are very powerful and well understood in technical communities, thus it is 
prudent to utilise them in the design of the tools which will be developed. 
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2.4.3.2.2 DFA 
DFA® (Design For Assembly) (Boothroyd, et al., 1994) uses a question‐and-answer 
approach to determine the efficiency of a design. A low ceiling approach is achieved by 
reviewing each part against a pre-defined set of questions to determine if the part is 
really required. This results in a quantifiable KPI called a theoretical part count 
efficiency. At the other end of the spectrum a high ceiling is required to re-design the 
product. After reviewing DFA, the researcher concluded that unambiguous questions 
combined with a simple formula significantly improves understandability of a complex 
process. The action of de-coupling process understandability from specialist topic 
knowledge has the potential to be a very effective technique for achieving low floors & 
high ceilings (Papert, 1993) of the techniques and tools which will be developed in 
Chapter 3. 
2.4.3.2.3 VDMA 
The German Mechanical Engineering Industry Association (Verband Deutscher 
Maschinen und Anlagenbau – VDMA) have produced guiding principles for the 
implementation of Industry 4.0 in small and medium sized businesses (VDMA, 2016) 
with an Industry 4.0 Toolbox for both Production (1)  in Figure 15 and Products (1) in 
Figure 16. The VDMA is an extremely authoritative professional Organisation based in 
Germany; the home of Industry 4.0, which adds significant credibility to the technical 
content of their tools. Figure 15 shows how the VDMA Toolbox arranges six I4.0 
Features in rows (2). It is worth noting how the VDMA’s I4.0 Feature of Efficiency with 
Small Batches (2), is closely related to the Batch of 1 I4.0 Lever from the McKinzie 
Digital Compass shown in Figure 14, on Page 40. But the VDMA toolbox goes 
significantly further than the McKinzie Digital Compass. The VDMA format contains 
five different Forms [Form as terminology (Watts, 2011) of the I4.0 Features, arranged 
on a sliding scale, as shown by (2) in Figure 16. These sliding scales signify the level 
of compliance to the I4.0 objectives and highlights the importance of both 
characterizing and arranging the Forms of the technology.  
 
The I4.0 Toolbox for Products, shown in Figure 16, could easily be discounted at this 
point as irrelevant, but that would be a significant mistake. The Equipment Technology 
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which the Manufacturing Corporation procures is the System Integrator’s product. 
Thus, the I4.0 Toolbox for Product may be a useful tool for benchmarking the Form 
[Form as terminology (Watts, 2011)] of the feature(s) which the System Integrator is 
providing in their Equipment Technology (Product). 
 
Even though the VDMA toolboxes have considerable graphical content, which rapidly 
communicates meaning, they do suffer from the lack a quantifiable KPIs and colour 
coded visual aid semaphores. The toolboxes do have a brief explanation of the I4.0 
features, as shown in Figure 17, but no high ceiling. The lack of a high ceiling was 
highlighted as a fundamental flaw with the Overall Equipment Effectiveness (OEE) 
KPI, when it was reviewed in Section 2.1.1. It may also represent a significant 
shortcoming for the VDMA Toolboxes and as such must be evaluated. 
 
Figure 15: Toolbox Industry 4.0 – Production (VDMA, 2016) 
 
 




Figure 16: Toolbox Industry 4.0 – Products (VDMA, 2016) 
 
 
Figure 17: Toolbox Industry 4.0 – Efficiency for Small Batches (VDMA, 2016) 
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2.4.3.2.4 Overall Equipment Effectiveness (OEE) 
A relevant review of the Overall Equipment Effectiveness (OEE) KPI has been 
performed previously in Section 2.1.1 on Page 28. 
2.4.3.2.5 Six Sigma 
A review of Six Sigma (6σ) has been performed with a specific focus on innovation in 
Section 2.1.2 on Page 29. There are some KPI centric features which are worthy of 
deeper review here. Six Sigma utilises the tool neutral DMAIC (Define-Measure-
Analyse-Improve-Control) acronym to define a performance improvement technique 
(Pyzdek, 2003). This approach is to be commended because the tools are decoupled 
from the technique, which safeguards against obsolescence. But DMAIC is not perfect. 
This researcher suggests that DMAIC has a fundamental flaw whereby there is no 
overall numerical Key Performance Indicator (KPI) for measuring DMAIC, or any of 
the individual D, M, A, I or C components. 6σ should be emulated and an acronym 
utilised to define any new techniques, but measurability must also be included by 
adding numeric metrics for each of the letters of the acronym, coupled with a formula 
to provide an overall numeric KPI. Any new techniques which are developed will 
require a high level of measurability to ensure that they can produce accurate results, as 
defined by the research goals in Section 1.3.2, on Page 19. 
2.4.3.3  Industry 4.0 Technical Standards   
The Reference Architectural Model Industrie 4.0 (RAMI4.0) (Platform Industrie 4.0, 
2018), as illustrated in Figure 18, outlines the most important aspects of I4.0. It shows 
how the Life-Cycle Management for Systems and Products used in Industrial-Process 
Measurement, Control and Automation (IEC-62890-ED1, 2016) (1), will transform 
how Vendors will add value to their products over their complete life cycle. This new 
life cycle will extend from development, through production and maintenance support 
for customers (2). The mature standards for Enterprise-Control System Integration 
(IEC-62264-1, 2013) (3), and Batch Control (IEC-61512-1, 1997) (4) must be expanded 
to include the concept of Product (5) and Connected World (6) for the delivery of 
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Figure 18: RAMI4.0 (Platform Industrie 4.0, 2018) 
Almost thirty critical standards are required to deliver all the facets of I4.0 (Fraunhofer 
IAIA, 2016). These standards are very loosely coupled, and there is a lack of a clear 
link between them. Many of the standards are only in their infancy, thus they cannot 
realistically be considered. The focus of this research will be limited to facilitating 
conformance with the three most relevant and mature standards capable of providing a 
robust foundation for the I4.0-EPP (Batch Control (IEC-61512-1, 1997), Enterprise-
Control System Integration (IEC-62264-1, 2013) and Security for Industrial 
Automation and Control Systems (ISA-62443-1-1, 2007)). These standards can deliver 
the primary focus for this research by enabling the horizontal, vertical, and external 
integration of the I4.0 equipment into the I4.0 digital supply chain. 
 
2.4.4  Summary of Key Homophily & Heterophily Factors  
This review of the technical layer concludes that the technique and tools which are 
developed must be primarily focussed on equipment integration. System Integrator’s 
solutions, which are at the correct Technology Readiness Level (TRL) for 
Manufacturing Corporations, should be leveraged. These solutions must be based on 
the Batch Control (IEC-61512-1, 1997), Enterprise-Control System Integration (IEC-
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62264-1, 2013) and Security for Industrial Automation and Control Systems (ISA-
62443-1-1, 2007) standards to provide the required horizontal, vertical, and external 
integration of the I4.0 equipment into the I4.0 digital supply chain. All tools should be 
designed with a high degree of measurability, visibility, and understandability. This 
should be achieved by utilising KPIs, colour coded visual aid semaphores and low floors 
& high ceilings. The VDMA Toolboxes are from an authoritative source and extremely 
relevant. They have significant potential for development. They would benefit from the 
addition of a KPI and colour coded visual aid semaphores. But the lack of a high ceiling 
may be an issue. This study must also strive to overcome the heterophily (the degree to 
which individuals differ) between Business and Technical Stakeholders regarding 
digital technologies. A methodology, with practical examples, is required which assists 
Business Stakeholders to rapidly communicate their DigitALIZAtion vision, so that 
Technical Stakeholders can then characterize the key Form [Form as terminology 
(Watts, 2011)] of the relevant DigitIZAtion technologies. This approach will 
significantly reduce the risk of implementing an inappropriate Form of a digital 
technology, while reducing the requirement for, and dependency on, homophilious 
Business Level Consultants in the Digital Domain. 
2.5 Review of Manufacturing Equipment  
This study must strive to overcome the heterophily (the degree to which individuals 
differ) between Business and Technical Stakeholders regarding digital technologies. A 
methodology, with practical examples, is required which assists Business Stakeholders 
to rapidly communicate their DigitALIZAtion vision, so that Technical Stakeholders 
can then characterize the key Forms [Form as terminology (Watts, 2011)] of the 
relevant DigitIZAtion technologies which are required in the manufacturing equipment. 
 
A review of Manufacturing Equipment was conducted firstly from a solely technical 
perspective and then from a combined business and technical standpoint. In each case 
the key enabling technology was defined and five forms of the technology were 
specified as per the VDMA Toolboxes. Both perspectives were analysed to inform the 
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2.5.1  Equipment Technology –  A Solely Technical Perspective  
(Loughlin & McGrory, 2013) conducted a review, with a solely technical focus, of the 
equipment technologies provided by leading assembly (Komax Medtech, 2013; 
Sortimat, 2013; Mikron, 2013; Modular Automation, 2013; MTA, 2013), and 
packaging (Harro Hofliger, 2013; Uhlmann, 2013; Bausch & Strobel, 2013; Marchesini, 
2013; Dividella, 2013; Pester Pac, 2013; Schubert, 2013) System Integrators. This 
review identified a general common denominator whereby all equipment transports and 
performs actions on the product. A subsequent, more detailed review of the logic and 
motion technologies integrated in the equipment (ELAU, 2013; Bosch Rexroth, 2013; 
B&R, 2013; Siemens, 2013; Rockwell Automation, 2013; Jetter Automation, 2013), 
revealed a common digital technology denominator. All these Technology Providers 
recommend servo motors with decentralized drives synchronised via digital motion 
control networks to provide superior solutions to mechanical synchronisation.  
 
This review used the term transport to refer to the mechanism which transports the 
product and the term station(s) for the logically separate sections which perform a single 
process action on the product. It found that not all equipment requires or can justify the 
increased cost of digital motion synchronisation between the transport system and 
stations. In many situations it is perfectly valid to have equipment solutions which 
operate in an asynchronous or semi-synchronous fashion. At the other extreme, for I4.0 
systems, there is a growing requirement to digitally synchronise process data between 
the stations and transport system. Adopting this pragmatic approach has quickly 
provided an adequate level of detail to state that the five forms of motion 
synchronisation technology are (Loughlin & McGrory, 2013): 
 
• Form 0 – No motion synchronisation  
• Form 1 – Mechanical motion synchronisation  
• Form 2 – Mechanical & electronic motion synchronisation  
• Form 3 – Software based (Digital) motion synchronisation  
• Form 4 – Software based (Digital) motion & data synchronisation 
 
Armed with this detail the Business can selectively invest in the appropriate Form 
[Form as terminology (Watts, 2011)] of the technology as opposed to simply assuming 
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that only one Form exists, as depicted in conventional Business Tools such as the 
McKinsey Digital Compass, outlined in Figure 14, on Page 40. 
 
The I4.0 digital supply chain frequently requires equipment with software-based motion 
and data synchronisation (Form 4). This Form [Form as terminology (Watts, 2011)] of 
the technology adds significant complexity to the equipment. The conventional 
mechanical, electronics and control disciplines of Mechatronics have served I3.0 well. 
But I4.0 will also require considerable cyber skills. New topics such as Operational 
Technology (OT) (Gartner, 2017), inspection systems and software validation are 
rapidly emerging. This review proposes a new occupation with the more generic title of 
Equipment Systems Engineer (ESE) (Loughlin, 2018). The ESE title is much less 
prescriptive than Mechatronics. Its non-disciplinary ethos will enable the new I4.0-ESE 
occupation to expand and incorporate emerging topics as they become relevant.  
 
The five forms of motion synchronisation require different competence levels in the six 
topics (Mechanical, Electrical, Controls, OT, Inspection Systems and Software 
Validation). Three competency scores were defined which aligned to the lower levels 
of Bloom’s Taxonomy (Anderson, 2000); whereby (1) = Beginner (requiring 
knowledge & comprehension), (2) = Intermediate (capable of application) and (3) = 
Advanced (capable of analysis). It is important to note that the higher levels of Bloom’s 
Taxonomy were not relevant to this review, because the task of Equipment Systems 
Engineer (ESE), in the manufacturing environment, is merely to support the equipment 
in production. The requirement to synthesize and evaluate (Anderson, 2000) would only 
be needed during the design phase of the equipment, which is primarily the Vendor’s 
responsibility. 
 
This review utilised a radar chart to define the model employee (North Carolina 
Biotechnology Centre, 2005), for each Form of motion synchronisation, as depicted in 
Figure 19 and Figure 20. The key topics were assigned to an axis (A) and measured 
using the competence level (B), ranging from zero through to three. The researcher 
reviewed the technologies supplied by leading assembly (Komax Medtech, 2013; 
Sortimat, 2013; Mikron, 2013; Modular Automation, 2013; MTA, 2013), and 
packaging (Harro Hofliger, 2013; Uhlmann, 2013; Bausch & Strobel, 2013; Marchesini, 
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2013; Dividella, 2013; Pester Pac, 2013; Schubert, 2013) equipment Vendors. The 
maximum competence level, required in each topic, to support the specific Form of 





Figure 19: Synchronisation Forms 0, 1 & 2 (Loughlin & McGrory, 2013) 
 
 
Figure 20: Synchronisation Forms 3 & 4 (Loughlin & McGrory, 2013) 
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At the time of publication (Loughlin & McGrory, 2013) the word Type had been utilised 
and the scale consisted of 0 = None, 1 = Beginner, 2 = Intermediate, 3 = Advanced. As 
this study progressed the researcher observed that the term Form [Form as terminology 
(Watts, 2011)] was more widely adopted, and that the classification of 0 = none, 1 = 
Novice, 2 = Proficient, 3 = Independent, 4 = Advanced and 5 = Expert (Engineers 
Ireland, 2012), are more relevant and widely used in the Irish Life Sciences Sector. 
Future researchers should utilize the Form term and the five-point competency scale. 
 
This method of classifying the Forms of the motion synchronisation technology clearly 
establishes the technical Means (Sarasvathy, 2005) which the equipment contains. 
Technical Stakeholder’s can rapidly determine the Technology Readiness Level (TRL) 
of the System Integrators products. Their intimate knowledge of the production 
technologies and the skill levels within the Organisation leaves them in an ideal position 
to clearly establish what is both feasible and viable (IDEO, 2015). Such key insights 
significantly reduce the risk of implementing an inappropriate Form of a technology, 
which regardless of its desirability may simply not be viable. 
2.5.2  Equipment Technology –  A Business & Technical Perspective  
The second review of the technology was initiated from a business perspective with a 
desirability lens (IDEO, 2015). This migrated the initial primary focus to the business 
End as opposed the technical Means (Sarasvathy, 2005). This change of focus enables 
the specification, at the outset, of the new Function which the business requires from 
its investment in the technology. 
 
Section 1.2.3 has identified that Batch Size 1 (McKinzie, 2015) is a critical new I4.0 
Equipment Function capable of delivering transparent or collaborative customization, 
as explained in Table 5 on Page 14, and Table 6 on Page 15. Batch Size 1 is highly 
desirable for Business Stakeholders. It has the potential to directly address the issue of 
Stock Keeping Unit (SKU) Proliferation, which is grinding many supply chains to a halt 
(Davis & Steutermann, 2010). The feasibility and viability of Batch Size 1 has been 
shown to be problematic and its success is not always guaranteed (Piller & Tseng, 
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2010), (Piller, et al., 2012), (Juha & Felfernig, 2017), thus it is a valuable candidate for 
further analysis during this review. 
 
With Batch Size 1 clearly defined as the disruptive business End this review will focus 
on the technical task of selecting the most appropriate Means (in the high TRL range of 
6 to 9). Figure 4 on Page 9, Table 5 on Page 14, and Table 6 on Page 15, clearly highlight 
the importance of robust equipment centric product quality control, for the delivery of 
Real Time Release Testing (RTRT) (EMA, 2012), which is essential to achieving Batch 
Size 1. It is worth noting that the McKinsey Digital Compass, shown in Figure 21, does 
not emphasize any dependency between Batch Size 1 (A) and Statistical Process 
Control (B), or 3-D Printing (C) and Advanced Process Control (D). There is no 
indication of relevance, or a sequence for implementation. The omission of such critical 
factors introduces an unacceptable risk whereby Business Stakeholders could decide to 
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Robust equipment centric product quality control will require an unprecedented level 
of data and information. Traditional methods of measuring process variables against 
time will not be sufficient. Modern Industrial controllers can provide microsecond 
precision, with almost negligible jitter (Cisco, 2011), thus facilitating the creation of 
calculus and statistically derived variables in real time, within the equipment (Malone, 
2016). Therefore it is now technically feasible for all five of Davenport & Prusak’s  
methods to be implemented in real time within the equipment; (1) Calculate (the data 
has been analysed mathematically or statistically), (2) Condense (the data has been 
summarized in a more concise form), (3) Correct (errors have been removed from the 
data), (4) Categorize (based on the key components of the data) and (5) Contextualize 
(for a specific purpose) (Davenport & Prusak, 1998). 
 
Recipe Flexibility is another key requirement for Batch of 1, which fortunately has 
already been solved by the Process as opposed to Manufacturing Sector. They have 
developed specific standards (IEC-61512-1, 1997) and software applications called 
batch engines to provide Recipe Flexibility. Traditionally the cost of the required 
computing power has put batch engines beyond the reach of Equipment Providers. 
However, in 2019, with minor applied developments by Technology Providers, it is 
both feasible and viable to have high Technology Readiness Level (TRL) batch engine 
technology at the Equipment Layer (Rockwell, 2019). This development will enable 
definition of the forms of batch technology as follows: 
 
• Form 0 – No batch control  
• Form 1 – Paper based batch control  
• Form 2 – Execution System based batch control  
• Form 3 – Plant wide server based (Digital) batch engine  
• Form 4 – Equipment based (Digital) batch engine 
 
This change in perspective radically alters the selection process for a technology. A 
clear definition of the required business function at the outset, enables an accurate 
classification of the Forms of the technologies which will achieve the required business 
Function and are the correct Fit for their Corporation. It also encourages Manufacturing 
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Corporations to advise their Technology Providers of minor modifications which can 
deliver significantly enhanced solutions, resulting in more sales. 
2.5.3  Aligning Both Perspectives  for Innovation 
This part of the review has highlighted that neither a business nor technical perspective 
in isolation can efficiently bring a Manufacturing Corporation to its I4.0 
digitALIZAtion destination. When there is no clear definition of the new business 
Function, all Technical Stakeholders can do is implement what they feel is the most 
appropriate Form [Form as terminology (Watts, 2011)] of digital technologies which 
the system integrators are providing. Without a clear understanding of the Forms of the 
digital technologies and their Technology Readiness Level (TRL) the Business 
Stakeholders are at risk of being persuaded to mandate a digital technology which does 
not Fit well in their Corporation, at that specific point in time. Both scenarios represent 
risk and lost opportunity for digital innovation within the Corporation.   The 2x2 matrix 
Innovation Model (Henderson & Clark, 1990), depicted in Figure 22, has been 
developed to define innovation in terms of the competing factors of architecture (1) and 
components (2). When both factors are low only incremental innovation (A) occurs. 
When one factor is high either modular (B) or architectural (D) innovation is achieved. 
Considerable change is required in both factors to deliver radical (C) innovations.  
 
Figure 22: Innovation Model (Henderson & Clark, 1990), (Author) 
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(Henderson & Clark, 1990) 2x2 matrix, outlined in Figure 22, is based on the four-
quadrant decision matrix, pioneered by Eisenhower and successfully applied in 
numerous other domains, to achieve alignment between different but interlinked 
perspectives (Covey, 2004), (VDMA, 2016), (BCG, 2019). A similar matrix may 
provide a mechanism to align the Business and Technical Stakeholders, as they innovate 
to define the Function, Form and Fit of the various digital technologies, which support 
the disruptive Digital Business. If the Business Stakeholders pro-actively (1) architect 
the vision for the Digital Business, the Technical Stakeholders can (2) integrate the 
appropriate (high TRL) digital technologies (or components) to deliver (C) radical 
digital innovation for their Corporation. 
 
Setting an ambitious digital vision will require significant strategic foresight 
(Mintzberg, 1994), (Horton, 1999) and an accurate estimation of the desired future state 
(Slaughter, 1989), (Slaughter, 2002). Just as there will be different Forms [Form as 
terminology (Watts, 2011)] of the digital technologies, there will be different Potential 
[Potential as terminology (Voros, 2004)] futures best depicted by the Futures Cone as 
outlined in Figure 23.  
 
The four informational or cognitive centric potential futures, defined by (Voros, 2004) 
and outlined in Figure 23 are: 
 
1. Projected - the default, business as usual 
2. Probable - what is likely to happen 
3. Possible - which might happen 
4. Plausible - what could happen 
 
Armed with insights from the Futures Cone, the Business Stakeholders have the option 
of selecting their Preferable future (what you want to happen) (?) from the projected, 
probable, possible, or plausible options. The Futures Cone may provide a useful 
framework to speculate the effect which I4.0 equipment, capable of delivering Batch of 
1, would have on the future of the I3.0 Linear Physical Supply Chain, outlined in 
Section 1.2.3.2 on Page 13. 
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Figure 23: The Futures Cone (Voros, 2004) 
2.6 Design of Innovations 
This section builds on our learnings from the review of diffusion. It starts by exploring 
how the innovations as highlighted in (Rogers, 2003) narrative on diffusion, examined 
in Page 30, should be designed to cater for the humans who will make up the Social 
Systems and Communication Channels. It then proceeds to examine suitable research 
techniques and data capture instruments which meet the required Academic rigour. 
2.6.1  Human Centred Design (HCD)  
The concept of Human Centred Design (HCD) is not new (ISO 13407, 1999). More 
recently it has evolved to include software systems (ISO 9241-210, 2010), (ISO 9241-
210, 2019), and provide a comprehensive development processes (LUMA Institute, 
2012), (IDEO, 2015).  The objective of an HCD, as outlined in Figure 24, is to develop 
a solution which is desirable, feasible and viable. The process starts by determining 
what solutions might appeal to the users. Significant progress has been made by 
identifying the features which both the Technical and Business Stakeholders desire in 
Section 2.4, on Page 33. The technical feasibility and viability of implementing the 
solutions will be performed in Chapter 3 and 4. The word viable is worthy of specific 
attention because it is more complex than pure finance (IDEO, 2015). Solutions can 
only be regarded as viable when it is possible to migrate to the new state. There will be 
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a financial impact to this change, but there will also be many other significant barriers 
to change (Rogers, 2003), (Harry & Schroeder, 2006), (Pyzdek, 2003).  
 
Figure 24: The HCD Concept of Desirability, Feasibility & Viability (IDEO, 2015) 
IDEO’s Human Centred Design (HCD) process model (IDEO, 2015), recommends the 
use of divergent and convergent thinking, during their inspiration, ideation, and 
implementation phases. On closer inspection, it appears that IDEO’s HCD process and 
phases are a rebranding of the original Double Diamond design process model, 
developed by the Design Council in 2005 (Design Council, 2007). Their work as UK 
government’s foremost advisor on design has resulted in a significant body of research, 
numerous reports (Design Council, 2010), (Design Council, 2015), case studies (Design 
Council, 2007), (Design Council, 2010) and guides (Design Council, 2015), (Design 
Council, 2015). 
 
The Double Diamond design process model depicted in Figure 25 utilizes a process of 
exploring an issue more widely or deeply (divergent thinking) and then taking focused 
action (convergent thinking). Both the original (1) and subsequent adaptations (2) utilize 
the Discover, Define, Develop and Deliver phases. The definitions are not rigid (e.g., 
the exact meaning of the phases and the milestones may be customized to make them 
more relevant for the specific application). Any solution relating to the I4.0-EPP should 
strongly consider the evidence-informed and well organised initiatives that the Design 
Council’s double diamond technique has employed. Significant value may be derived 
by developing a specific Digital Double Diamond to supplement the 2x2 matrix 
highlighted in Figure 22, on Page 57. The first diamond could assist the Business 
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Stakeholders to explore the Digital Busines Architecture (1).  The well informed second 
diamond enlightens Technical Stakeholders, as they select the appropriate Digital 
Components (2) which support the architecture.  
 
 
Figure 25: Original & Adapted Double Diamond Design Process (Design Council, 2015) 
2.6.2  Research Techniques for Human Centred Design (HCD)  
The HCD process, as outlined in Table 13, requires a strong participatory approach 
between the researcher and the users. Bradbury and Chevalier’ work supports the 
Author’s assertion that a conventionally aloof Academic style of research simply will 
not suffice (Bradbury, 2015), (Chevalier, 2019). Nevertheless, one must ensure that the 
Academic leg of the I4.0 Three-legged Stool is well balanced. The use of practitioner 
centric, HCD tools (IDEO, 2015), (LUMA Institute, 2012), will merely deliver praxis, 
whereby the knower-practitioner performs self-reflection extracting and articulating 
practical patterns from accumulated practical experience (Eikeland, 2015), (Chevalier, 
2019). Such an approach would fall well short of the required Academic rigour. This 
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study, as outlined in Table 13, must ensure that it performs meaningful Action Research, 
as opposed to executing a praxis centric Action Inquiry study. 
ACTION INQUIRY ACTION RESEARCH 
Action Inquiry is a generic term for any process that 
follows a cycle in which one improves practice by 
systematically oscillating between acting in the field of 
practice and inquiring into it. One plans, implements, 
describes, and evaluates an improving change to one’s 
practice, learning more about both the practice and Action 
Inquiry in the process.  
Action research is a form of Action Inquiry that 
employs recognised research techniques to inform the 
action taken to improve practice. The research 
techniques should meet the criteria common to other 
kinds of Academic research (i.e., withstand peer 
review of procedures, significance, originality, validity, 
etc.) 
 
Table 13: Action Inquiry versus Action Research (Tripp, 2005) 
 
The iterative nature of Action Research, defined in Table 13, is very closely aligned to 
the Agile Development Methodology required at the Equipment Layer, in Figure 9, on 
Page 22. This study exhibits the characteristics of Action Research, specified in Table 
14, which  represents a departure from the norms of conventional Academic research, 
but this is not new and has been strongly defended by numerous other researchers 
(Tripp, 2005), (Bradbury, 2015), (Chevalier, 2019). 
 
ROW ROUTINE PRACTICE ACTION RESEARCH ACADEMIC RESEARCH 
01 Habitual Innovative Original 
02 Continuous Continual Occasional 
03 Responsive, contingency driven Pro-active, strategically driven Methodologically driven 
04 Individual Participatory / Collaborative Collegial 
05 Naturalistic Interventionist Experimental 
06 Unexamined Problematised Commissioned 
07 Experienced Deliberated Argued 
08 Unarticulated Documented Peer Reviewed 
09 Pragmatic Understood / Explained Theorized 
10 
Application of knowledge to 
practice 
Generation of knowledge about practice Generation of knowledge 
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ROW ROUTINE PRACTICE ACTION RESEARCH ACADEMIC RESEARCH 
11 Context specific  Generalised 
12 Private Disseminated Published 
Table 14: Twelve Characteristics of Action Research (Tripp, 2005) 
 
The research which must be conducted will, by its very nature, be Emancipatory - which 
has the express aim of changing the status quo (I3.0-EPP) not only for oneself and one’s 
immediate colleagues, but of changing it on a larger scale of the whole social group 
(Life Sciences Sector), as opposed to technical, practical, political or socially critical 
(Grundy, 1982), (Tripp, 2005), (Eilks, 2007). This clear definition of mode facilitates 
the selection of an appropriate methodology and process of research. 
 
This work cannot construct a Thesis by simply performing Action Research alone. It 
must complete a case study of the Action Research performed. It will be more 
methodical than substantive, thus it will be the opposite of a traditional research output. 
Traditional Academic reviewers may find the Action Research case study format for 
this Thesis quite disconcerting. Nevertheless, this format is essential (Tripp, 2005) 
because the study does not know at the outset what knowledge will be gained, or what 
practical outcomes will be achieved. The initial reconnaissance has been carried out in 
this Chapter, while the design of the Minimum Viable Products (MVPs) will be carried 
out in Chapters 3 and 4. Chapter 4 will outline the planning, implementation, reporting 
and evaluation stage for every cycle of User Acceptance Testing (UAT). Chapter 5 will 
conclude the process by providing a comprehensive review of both the improvements 
which have been made and what was learned about the Action Research process. 
2.6.3  Data Capture Instruments  
With a conventional Academic thesis, relevant data capture instruments would be 
explored in detail during the literature review. However, this approach is not appropriate 
with an Action Research case study format, because the exact requirements for each 
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There are however some facts which can be stated at this early stage. The research will 
be participatory in nature and based on a Human Centred Design (HCD). There are 
several well-defined HCD tools to support the HCD technique (IDEO, 2015), (LUMA 
Institute, 2012). Unfortunately, there is an underlying assumption which leaves a 
significant part of these HCD techniques unsuitable for inclusion in this specific study. 
Both HCD techniques assume that the user knows how to solve the problem and they 
just need assistance to articulate it. It is extremely unlikely that routine Practitioners of 
an I3.0-EPP, exhibiting the characteristics outlined in Table 14, on Page 63, will possess 
the specialized integration knowledge of the digital technologies outlined in Section 
2.4.3.3, on Page 48. The HCD tools themselves (IDEO, 2015), (LUMA Institute, 2012)  
will undoubtedly be both relevant and useful. They just need to be utilized slightly 
differently. 
 
The review conducted in this Chapter has identified several specific I4.0-EPP 
requirements. These requirements must be refined into a high-quality process for 
equipment procurement in Chapter 3. Such requirements would be ideal inputs to the 
House of Quality (HoQ) tool from the Quality Function Deployment (QFD) 
methodology (Hauser & Clausing, 1998), (ISO 16355-1, 2015). The QFD methodology 
provides an industry standard, robust framework for the capture of the data required to 
support the design of the initial Minimum Viable Product (MVP) at the Equipment 
Layer. This MVP will be utilized as a test apparatus to facilitate participatory Action 
Research with I3.0-EPP Practitioners. The HCD tools will then be utilized to determine 
how valuable the MVP is in terms of desirability, feasibility, and viability (IDEO, 2015), 
 
The relevant HCD tools will be reviewed during the planning stage of each UAT cycle 
in Chapter 4. This will ensure that the review is limited to only the HCD tools which 
are applicable as each cycle evolves. 
2.6.4  Ethical Considerations  
The success of this study is highly dependent on input and feedback from both qualified 
professional experts and engineering students. Tripp highlighted potentially serious 
ramifications for such participants if appropriate mitigation strategies have not been 
implemented (Tripp, 2005). These risks have been mitigated by obtaining Ethics 
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Committee approval based on Technological University Dublin (TUD) procedures. A 
co-option (when a researcher persuades someone (to choose) to help them with their 
research, the co-opted person in effect agreeing to provide a service to the researcher 
(Tripp, 2005)) method of voluntary participation was utilized, whereby the anonymity 
of both the Practitioners and the use cases were protected. 
2.7 The Equipment Procurement Process (EPP)  
The current I3.0 Equipment Procurement Process (I3.0 EPP) follows a linear model, 
normally organised around contractual procurement boundaries and their associated 
payment stages. Typical payment stages for equipment are x% with the Order, y% at 
Functional Acceptance Test (FAT) and z% at Site Acceptance Test (SAT). The overall 
relationship between the steps of the I3.0-EPP is outlined as follows: 
1. Equipment Procurement 
Order → Specify → Construct → Functional Acceptance Test (FAT) 
2. Equipment Commissioning 
Site Acceptance Test (SAT) → IT Integration → Validation 
3. Equipment Operation 
Production → Vendor Support 
Several acceptance criteria are agreed between the Manufacturing Corporation and the 
System Integrator before the order is placed. They are subsequently tested prior to 
payment at both FAT and SAT. Acceptance criteria can range from highly quantifiable 
to extremely vague (e.g., the caps must be tightened to 90 Nm, the print on the bottle 
must be clear). Overall Equipment Effectiveness (OEE) is one of the most specified 
acceptance criteria at FAT and SAT (e.g., the equipment must operate unassisted for 4 
hours, at a speed of 400 bottles per minute, with an OEE of > 85%). This I3.0-EPP 
approach is adequate for simple equipment with extremely limited integration to the 
Manufacturing Corporation’s Information Technology (IT) systems. Historically, it was 
not feasible to simulate the Manufacturing Corporation’s IT infrastructure at the System 
Integrators site for FAT, but that is no longer the case with Industry 4.0. An I4.0-EPP, 
as outlined in  Figure 26, leverages the recent advances in Industrial IT, Internet based 
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Figure 26: Industry 4.0 Equipment Procurement Process (I4.0-EPP) (Author) 
The I4.0 approach, outlined in  Figure 26, requires that the I4.0 infrastructure (1) is 
procured as a parallel process to the physical equipment procurement. The physical 
equipment can then be integrated into the I4.0 Infrastructure at FAT (2). With the I4.0-
EPP, the Equipment FAT becomes a key testing point for both the cyber and physical 
systems of the Equipment. This approach ensures that the Equipment’s integration to 
the Manufacturing Corporation’s I4.0 digital supply chain can be tested before it leaves 
the System Integrator’s premises. The OEE metric will not be sufficient for this I4.0-
EPP, because it only measures the effectiveness of the physical Equipment and ignores 
the cyber systems. The potential of supplementing OEE with an Overall Systems 
Effectiveness (OSE) Rating should be explored, as an acceptance criterion for the 
Equipment’s cyber systems prior to Order, for maximum impact on the EPP.  
 
The vision for the European Factory of the Future suggests that after SAT system 
integrators will provide remote services to improve equipment uptime, reduce costs for 
servicing (e.g., travel costs), increase service efficiency (e.g., first‑visit‑fix‑rates) and 
accelerate innovation processes (e.g., remote update of device software) (European 
Commission, 2013). Such a stance is overly simplistic because it overlooks how the 
complex cyber systems will be managed. This review suggests that the unacceptable 
level of software defects which exist in custom software (Martin & Perez, 2008), 
(CDRH, FDA, 2002), necessitates the utilisation of an Integrated Software Quality 
(ISQ) Tool (3) (Gartner Research, 2014), as an integral part of the I4.0-EPP. This ISQ 
Tool must provide a comprehensive approach for the management of requirements, 
risks, tests, and defects to mitigate software issues up to and including SAT. An 
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alternative approach is required post SAT. By deploying an Information Technology 
Infrastructure Library (ITIL®) certified Service Desk (AXELOS, 2019), the 
management of incidents, problem, and changes (4) can be efficiently co-ordinated over 
the complete lifecycle of the equipment. The resultant Knowledge Base from the ITIL 
service desk facilitates a Data-Information-Knowledge-Wisdom (DIKW) (Davenport 
& Prusak, 1998) cycle capable of supporting even the most complex of equipment 
technologies. The I4.0-EPP outlined in Figure 26 is significantly more holistic than the 
existing I3.0-EPP. It can facilitate the creation of a collaborative supply network for the 
support of the equipment technology throughout its complete lifecycle.  
2.8 Summary of Chapter 
This literature review highlights that it will be possible to integrate I4.0 equipment 
horizontally, vertically and externally into the I4.0 Digital Supply Chain by following 
the Batch Control (IEC-61512-1, 1997), Enterprise-Control System Integration (IEC-
62264-1, 2013) and Security for Industrial Automation and Control Systems (ISA-
62443-1-1, 2007) standards of RAMI 4.0 (Platform Industrie 4.0, 2018). A new Industry 
4.0 Equipment Procurement Process (I4.0-EPP) will be required where both the cyber 
and physical systems are comprehensively tested at the Functional Acceptance Test 
(FAT). The technique for managing the I4.0-EPP should utilize an acronym with an 
overall KPI and subordinate KPIs for each letter. Tools must be designed to utilize 
colour coded visual aid semaphores and low floor & high ceilings to provide a high 
degree of measurability, visibility, and understandability.  
 
The solutions provided by this study may help to overcome the heterophily (the degree 
to which individuals differ) between Business and Technical Stakeholders regarding 
digital technologies. Business Stakeholders require an interface so that they can rapidly 
communicate their DigitALIZAtion vision, to their technical colleagues who can then 
characterize the key Form [Form as terminology (Watts, 2011)] of the relevant 
DigitIZAtion technologies. This approach will significantly reduce the risk of 
implementing an inappropriate Form of a digital technology, while reducing the 
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3  INITI AL DEV ELOPMENT  
This Chapter outlines how an Agile Development Methodology (Sutherland, 2014) will 
be utilized for the development of Minimum Viable Products (MVP)s, of techniques 
and tools to support the Industry 4.0 Equipment Procurement Process (I4.0-EPP). The 
primary I4.0-EPP MVPs will be developed to support Technical Practitioners at the 
Equipment Layer of the Corporation. An iterative User Acceptance Test (UAT) and re-
development process will be applied to the primary MVPs in Chapter 4 as suggested by 
the Research Methodology defined in Section 1.3.3, on Page 19. But the I4.0-EPP 
activity cannot be completed by Technical Practitioners in isolation. They must 
interface with their companions in the production and Business Layers of the 
Corporation. Several secondary MVPs will be developed in this Chapter to provide a 
more holistic process for the Corporation based on an improved interface between I4.0-
EPP Practitioners and their production or Business Stakeholders. Such an interface is 
necessary to address the significant risk of  heterophily (the degree to which individuals 
differ), which exists between Business and Technical Stakeholders regarding digital 
technologies, as outlined in Section 2.4.2, on Page 39. The Research Methodology 
defined in Section 1.3.3, on Page 19, highlighted that it was not necessary to subject the 
secondary MVPs to User Acceptance Testing (UAT) at this time. UAT and further re-
development of the secondary MVP should be performed by other researchers at the 
Production and Business Layers, as part of future work. 
 
The Six Sigma innovation can be emulated by utilizing a single umbrella term (ALIZA), 
as defined in Table 15, for all the proposed solutions. ALIZA will act as a single 
umbrella brand for the overall innovation, capable of being diffused at a national Irish 
Life Sciences Sectoral level. As with Six Sigma, the techniques and tools will have their 
own discrete identity, maximizing their appeal to their individual Social Systems and 
Communication Channels where they are most relevant. 
SIX SIGMA ALIZA 
is not an absolute; it is a vision. It is a vision at 
the business level, the operations level, and the 
process level. Six Sigma relies on tools. Six 
Sigma is simply an umbrella and sitting under 
that umbrella are many types of tools and 
practices (Dusharme, 2004) 
is a vision; it is s a vision at the business 
level for a digital supply chain with 
integrated production and equipment 
systems. ALIZA relies on tools. ALIZA is an 
umbrella and sitting under that umbrella are 
many types of tools and techniques (Author) 
Table 15: The ALIZA Brand (Author) 
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3.1 ALIZA I4.0-EPP Interface Tools for the Business Layer 
Section 2.4.2 has clearly established the Business Layer’s requirement for an ALIZA 
design process. This process must empower the Business Layer to take a hands-on 
approach for digital technology selection. Significant value will be delivered to 
Corporations if this process reduces the internal heterophily (the degree to which 
individuals differ) barriers between the Business and Technical Stakeholders and reduce 
the homophilious (the degree to which individuals are similar) influences of the 
Corporate level management consulting services sector. Section 2.5 also highlighted the 
importance of achieving clear alignment on the interface between the Business and 
Technical Stakeholders, as they select the correct Function, Form and Fit of the required 
digital technologies, to define their Corporation’s potential Digital Business futures. 
This section will outline the design of tools, developed as an outcome of this research, 
to answer these requirements based on the key findings from the literature review. 
 
The literature review findings summarized graphically in Figure 27, have highlighted 
the importance of the Digital MAKE Common Goal (1), with its unambiguous 
DigitIZAtion and DigitALIZAtion definitions, the relevance of the Double Diamond 
Design Process (2), how the Futures Cone (3) could be utilized, in conjunction with an 
Innovation Matrix (4) and the RAMI4.0 standards (5) for the delivery of a Human 
Centred Design (6). 
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3.1.1  The ALIZA Double Diamond Design Process  
This researcher proposes that significant value could be derived by utilizing a single 
ALIZA Double Diamond Design Process, as outlined in Figure 28, incorporating key 
findings from Figure 27, which have been examined in detail in Chapter 2. 
 
 
Figure 28: ALIZA Double Diamond Design Process (Design Council), (Author) 
 
This ALIZA Double Diamond Design Process starts by utilizing divergent thinking to 
Discover the new Digital Business function (ALIZA) (1), which satisfies the business 
desires of the Corporation. The thinking must then converge to Define the relevant 
forms [Forms as terminology (Watts, 2011)] of the digital technologies (2). The key 
enabling form of the technology can then be easily Identified (3). Armed with this 
insight divergent thinking is required once again to Develop potential solutions. High 
Technology Readiness Level (TRL) technologies and RAMI 4.0 standards (4), as 
identified in Section 2.4.3 and  2.6.1, will be key to the success of this phase. With the 
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potential solutions identified the focus can converge on how to Deliver the solution (5). 
This delivery should start with the creation of a Feasibility Prototype which clearly 
demonstrates to Stakeholders that the solution is technically possible. The next step is 
to implement a viability prototype which determines the changes required to move the 
Business to this new state. These prototypes in conjunction with a deployment plan 
provides the Business Stakeholders with a comprehensively quantified solution (6).  
 
The ALIZA Double Diamond Design Process, outlined in Figure 27, provides an overall 
framework to robustly address the heterophily (the degree to which individuals differ) 
issues, between Business and Technical Stakeholders raised in Section 2.4.2. 
Nevertheless, it is not a panacea. It does not, in isolation, have an adequate mechanism 
to support the various Stakeholders as they imagine the various DigitALIZAtion 
Futures, and the available Forms [Forms as terminology (Watts, 2011)] of the digital 
technologies to enable such futures. Further tools, namely an ALIZA Futures Cone and 
an ALIZA Matrix are required to support these more detailed functions. 
3.1.2  An ALIZA Futures Cone for I4.0 Equipment with a  Batch Size 1  
Section 1.2.2, on Page 9, introduced the concept of an Industry 4.0 Digitally Connected 
Supply Chain Network (I4.0-DCSCN), which for the first time enables I4.0 Equipment 
to be located anywhere on the planet. The most significant DigitALIZAtion 
opportunities for the Irish Life Sciences Sector were examined in Table 2, on Page 6 
(DBEI, 2019), (IfM, 2018), which resulted in Batch Size 1 being selected as a desirable 
and disruptive business End in Section 2.5.2 on Page 54. 
 
This section now utilizes the definitions of the Futures Cone (Voros, 2004), explored in 
Section  2.5.3, on Page 57, to conceptualize ALIZA Potential Futures in terms of the 
cosmetic, adaptive, transparent or collaborative customization (Gilmore & Pine, 1997) 
models outlined in Table 3 to Table 6, on Pages 12 to 15. The four cognitive ALIZA 
Potential Futures, (1) Projected, (2) Probable, (3) Possible and (4) Plausible, for I4.0 
equipment, capable of delivering Batch Size 1, is explored in Table 16. Table 16 clearly 
highlights the disruptive effect which I4.0 equipment, capable of delivering Batch Size 
1, will have on the I3.0-LPSC, from Section 1.2.1, on Page 7. The four cognitive ALIZA 
Potential Futures, contained in Table 16, have been included to alert and inform the 
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Business Stakeholders of the available options, to expedite selection of the significantly 














In this scenario I4.0 Manufacturing Equipment is installed and operated in the Manufacturing 
Plant. The equipment can produce customized products, but these products must be delivered 
through the conventional supply chain. This future will struggle to provide the benefits of 
cosmetic, adaptive, transparent or collaborative customization models as explained in Table 3 
to Table 6 on Pages 12 to 15. It will cause further SKU Proliferation (Davis & Steutermann, 











 In this scenario I4.0 Manufacturing Equipment is installed and operated in the Distribution 
Centre and remains under the control of the Corporation. Each product can be specifically 
manufactured for, and directly shipped to an individual customer. This future can cater for 
cosmetic, adaptive, transparent or collaborative customization models as explained in Table 3 
to Table 6 on Pages 12 to 15. This scenario can provide a highly balanced supply chain. The 
MAKE SKUs can be kept to a minimum and the required level of customization can be 











In this scenario I4.0 Manufacturing Equipment is installed and operated as close as possible 
to the customer (e.g., Hospital, Pharmacy, Surgery). The manufacture of the product occurs 
physically close to the individual customer and virtually eliminates lead times. This future is 
primarily focussed on achieving the I4.0 centric forms of transparent and collaborative 
customization outlined in Table 5 and Table 6 on Pages 14 and 15. It requires novel 
manufacturing technologies such as 3D-Printing and is highly dependent on Real Time 
Release Testing (RTRT) (EMA, 2012). This future delivers the optimum lead time to the 
customer, but it raises complex equipment, production, quality control, product traceability 












In this scenario I4.0 Manufacturing Equipment is installed and operated in the transport 
systems which deliver the product to the customer to provide the Make as you Deliver function 
highlighted in Section 1.2.2 on Page 9. This future can cater for cosmetic, adaptive, transparent 
or collaborative customization models as explained in Table 3 to Table 6 on Pages 12 to 15. 
This future takes advantage of the non-value add time associated with delivery to the customer. 
Leading transport Corporations have robust concepts of how such automation can be achieved 
(Matternet, 2013), (Mercedes-Benz, 2016) (Mercedes-Benz, 2017), (Toyota, 2018). This 
future provides significantly reduced lead times for the customer and many of the complex 
equipment, production, quality control, product traceability and legal issues can be minimized 
by engaging in strategic partnerships with transport Corporations. 
Table 16: Some Potential Futures for I4.0 Equipment (Author) 
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Defining the four ALIZA Potential Futures, as outlined in Table 16, highlights that there 
is more than one option for the future. Various Stakeholders ranging from the visionary 
to the ultra-conservative, should utilize the ALIZA Futures Cone to convey their 
predictions, without fear of ridicule by their peers. The effect of time is also conveyed 
in a concise fashion; what is only possible today, will be plausible soon. Utilizing an 
ALIZA Futures Cone helps to make an organization future focussed and aware that more 
changes are always coming. If the Corporation invests the time to understand the 
possible and plausible futures, they will be much better informed of what is likely to 
occur. These valuable insights can enable the Irish Life Sciences Sector, to significantly 
mitigate the risk of implementing a Form [Form as terminology (Watts, 2011)] of I4.0 
technology which is not aligned to their preferred (projected, probable, possible, or 
plausible) future. Another tool will be needed for the selection of the most appropriate 
Form of the digital technologies for the various futures; an ALIZA Matrix is required. 
 
3.1.3  The ALIZA Matrix 
Section  2.5.3, on Page 59, highlighted the benefits of utilizing a 2x2 Matrix (Henderson 
& Clark, 1990), (Covey, 2004), (VDMA, 2016), (BCG, 2019), to assist the Business 
Stakeholders as they pro-actively architect the vision for the Digital Business, which 
enables the Technical Stakeholders to specify and integrate the appropriate (high TRL) 
digital technologies (or components), to deliver the Preferred Future for the 
Corporation. 
 
The Incremental, Modular and Radical quadrants of the (Henderson & Clark, 1990) 
Innovation Matrix map well to the digital domain, but the Architectural quadrant is 
notably unsuitable. The Innovation Matrix (Henderson & Clark, 1990) has been 
leveraged to develop a specific ALIZA Matrix, which is outlined in Table 17.  
 
Valuable insights have been found by applying the ALIZA Matrix retrospectively to the 
music industry, which has experienced both radical and disruptive digital innovation, 
as discussed in Table 18. These insights have informed the development of an ALIZA 
Matrix for Batch Size 1, which is described in Table 19.   
 
 


















The Business Stakeholders must architect their vision for the Digital Business (DigitALIZAtion). 
This can range from a conservative vision with a low level of Digital Business, to an ambitions 
highly Digital Business model, or anything in-between. 
(2
) 
The Business Stakeholders then facilitate the utilization of the ALIZA Futures Cone methodology 
outlined in Section 3.1.2, on Page 72, to define the Projected, Probable, Possible and Plausible 
versions of this Corporations DigitALIZAtion future. They must also select their Preferred Future 
at this specific point in time. 
(3
) 
The Technical Stakeholders can then map the Forms of the key digital components and determine 
how they can Fit or integrate into the Manufacturing Corporation. Their key insights will enable 
the specification of the most appropriate Form of the digital technologies, to deliver the required 
Function and the Preferred Future, for this specific Corporation, at this specific point in time. 
(4
) 
The four types of digital innovations can be explained as follows: 
• Incremental Innovations – will rapidly become extinct in a digital world. It is inconceivable 
that there will be any place for poorly digitized solutions in a digital supply chain. 
• Architectural Innovations – are virtually impossible in the digital domain. A high level of 
DigitALIZAtion can only be achieved with a high level of DigitIZAtion. 
• Modular Innovations – are not aligned to delivering a highly Digital Business model but may 
still be very valuable to the Business. They are often very important steppingstones on a long 
digital journey. 
• Radical Innovations – are very disruptive because they deliver new Digital Business models. 
There is no guarantee however that these digital models will be profitable, thus caution must be 
exercised. 




































The vinyl Long Play (LP) (A) remained the dominant format for music for most of the 20th century. 
In the late 60s the RCA Magnetic Tape (B) heralded a new era of vehicular portability, which was 
supplemented with personal portability by products such as the SONY Walkman in the 1980s. Both 
the LP and Magnetic Tape remained analogue, so they did not dramatically increase the 
DigitIZAtion of music. The Business Model was physical by nature, thus the DigitALIZAtion 
remained low. The music industry did not achieve a high level of DigitIZAtion until it introduced 
the Compact Disk (CD) © in 1982. With the advent of the internet, and the Napster (D) peer-to-
peer file sharing site in 1999, it was suddenly possible for people to share their MP3 audio files 
(Giesler, 2006) in a cyber format. Napster had demonstrated true DigitIZAtion capable of 
supporting a Digital Business, but they underestimated the reaction of business incumbents who 
were unwilling to entertain such insurgents. Napster eventually lost their legal battles over 
copyright and had to be liquidated (NY Times, 2002). Napster did however pave the way in 2001 
for the launch of Apple’s iTunes (E) pay-to-own digital music Business Model, which by 2010 has 
been surpassed by the streaming music platforms such as Spotify (F), which delivered true 









Spotify is the leading music streaming platform of 2020. It has successfully delivered a global, 
radical, disruptive highly Digital Business model generating more than $4bn of revenue. But it has 
never made a profit and it is not clear if it ever will (Wall Street Journal, 2018). High levels of 
DigitALIZAtion should only be implemented where the route to the generation of higher profits is 
clear, albeit in the medium, or long term. Record Company incumbents were much more willing to 
embrace Apple’s iTunes (E) than Napster (D) because Apple’s integration of its hardware to a 
commercial engine enabled a Business Model resulting in 10% for the artist, 53% for the record 
Company and 37% for Apple with their new Digital Business model. Manufacturing Corporations 
who do not take control of the I4.0-DCSCN run the risk, like music artists, of being dominated by 
those who do. We should all be acting like Amazon’s getting into our business (Gorsky, 2018). 
Disrupters, such as Napster, act as catalysts, and appear to be critically important to the process of 
change, but they are unlikely to be able to capitalize on the new business opportunity. Such catalysts 
establish the technical feasibility of the new digital technologies, but they risk the rath of the 
existing incumbents, who have no desire for change, and will fight it at all costs (Rogers, 2003). 
After the technical feasibility has been proven, a Business Innovator will eventually appear, who 
will demonstrate the viability of transitioning to the new digital busines model. The resultant 
DigitALIZAtion future, albeit music download, streaming or another variant rapidly emerges. 
Table 18: A Retrospective Analysis of the DigitALIZAtion of Music (Author) 
 
 




































The introduction of (A) Programmable Logic Controllers (PLCs), in the 1960s, enabled the 
automation of production processes. The 1980s heralded the introduction of (B) Manufacturing 
Execution Systems (MES), to track and document the transformation of raw materials to finished 
goods, primarily organized around the mass production of large batches.  
Section 2.5.2 on Page 54, highlighted the importance of the introduction of the (IEC-61512-1, 
1997), which prompted the development of specific software applications called batch engines. 
These batch engines are the true enabling technology for Batch Size 1, because they provided the 
required flexibility by separating the equipment logic from the procedural control; an almost 
infinite variety of different products can be made on the same equipment. Traditionally the cost of 
compute power meant that batch engines were only viable in (C) manufacturing plants. But in 2019, 
with minor applied developments by Technology Providers, it is both feasible and viable to have 
high Technology Readiness Level (TRL) batch engine technology at the Equipment Layer 
(Rockwell, 2019).  
When Batch engines are implemented on equipment in accordance with (ISA-62443-1-1, 2007), 
combined with (IEC-62264-1, 2013), and (IEC-61512-1, 1997), of the Reference Architectural 
Model Industrie 4.0 (RAMI4.0) (Platform Industrie 4.0, 2018), illustrated in Figure 18, on Page 49, 
the equipment can be located in (C) manufacturing plants, (D) distribution centres, (E) transport 
systems and (F) consumers premises. Thus, enabling all four of the potential Futures for I4.0 
Equipment outlined in Table 16, on Page 73. 
Table 19: An ALIZA Matrix for Batch Size 1 (Author) 
The completed ALIZA Matrix in Table 19 clearly highlights Form(s) of the technology 
which is the correct Fit for delivering the Functions required for the various ALIZA 
Futures. The example of the 3D implant outlined in Chapter 1 requires the equipment 
to be located physically close to the point of use and provide high levels of 
customisation in extremely short lead times. In this scenario it is much more favourable 
to have the batch engine in equipment as close as possible to the consumer. In many 
other scenarios it may be favourable to have the batch engine in the manufacturing plant. 
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Such an example clearly demonstrates that the selection of the Preferred Future is 
highly application specific. It emphasises the value which can be obtained from utilizing 
the ALIZA Matrix in conjunction with the ALIZA Futures Cone to specify the Desired 
Form [Form as terminology (Watts, 2011)] of the technology required in the equipment. 
The clear definition of a new I4.0 ALIZA Function, combined with the classification of 
the Forms of the technology, and the selection of the best Fit for a Manufacturing 
Corporation, at a point in time, is a significant outcome. The ALIZA Matrix delivers the 
most valuable design by enabling the Business and Technical Stakeholders to 
collaborate rapidly and align their technology focus. Only the Manufacturing 
Corporation can find its intersection of business desirability, technical feasibility, and 
overall viability (IDEO, 2015). ALIZA, as with Six Sigma, is best managed as an 
internally within the Manufacturing Corporation. Basic training will improve 
understanding by the Stakeholders and a skilled facilitator will undoubtedly assist by 
arbitrating during the collaboration process. When the ALIZA Matrix is utilized in 
conjunction with the ALIZA Futures Cone, the Corporation can  internally define their 
own, specific, desirable, feasible and viable digitALIZAtion strategy; significantly 
reducing the risks which homophilious Corporate level management consulting 
services, introduce to the I4.0-EPP, as outlined in Section 2.4.2, on Page 39. 
3.1.4  Summary 
This section has met its objectives by leveraging the findings from the literature review. 
It has developed MVPs of tools which provide I4.0-EPP Practitioners with an interface 
to the Business Layer. The high-level ALIZA Double Diamond Design Process can 
respond to the homophily (the degree to which individuals are similar) and heterophily 
(the degree to which individuals differ) issues raised in Section 2.4.2. The more detailed 
ALIZA Matrix, informed by the ALIZA Futures Cone, provides clear definition of 
Function, Form and Fit for the required digital technologies. It enables Business and 
Technical Stakeholders to achieve alignment on their Preferred Future and the required 
equipment technology, as highlighted in Section 2.5.3. Thus, the first research 
requirement outlined in Section 1.3.3 has been delivered. Practitioners in the Business 
Domain should subject these MVPs to UAT as part of their future research and 
subsequent development.  
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3.2 ALIZA I4.0-EPP Interface Tools for the Production Layer 
The interface tools for the Business Layer outlined in Section 3.1, facilitate a clear 
definition of the desired digitALIZAtion destination, which is both technically feasible 
and viable for this Corporation, now. It enables the Business Stakeholders to create the 
Trigger for their Corporation’s digital innovation.  The Production Layer tools must 
now provide the plan of how to turn the business desire into a more detailed reality; 
they must create a well-defined roadmap towards ALIZA. 
 
The credibility and relevance of the VDMA Toolbox (VDMA, 2016), reviewed in 
Section 2.4.3.2.3, on Page 45, combined with its ability to rapidly characterize the 
Forms [Form as terminology (Watts, 2011)] of technologies, clearly establish it as an 
robust foundation for supporting a more detailed ALIZA roadmap, but it will require 
additional features to overcome the shortcomings highlighted in Table 12, on Page 44. 
The objective must be to transition the VDMA Toolbox’s into Scorecards. These 
scorecards will have a high degree of measurability, visibility, and understandability, 
which are vital features for Managing the Industry 4.0 Equipment Procurement Process 
(I4.0-EPP), in the Irish Life Sciences Sector. They will facilitate the Corporation to 
specify its ALIZA roadmap with sufficient technical detail to inform, and interface to, 
Practitioners at the Equipment Layer. 
3.2.1  Designing the Scorecards 
Specific features of the VDMA Toolboxes have been enhanced to transform them into 
scorecards, capable of informing the I4.0-EPP. This enhancement process uses the three 
steps explained below and depicted as (1), (2) and (3) in Figure 29 and Figure 30: 
 
1. Numbered Metrics – Utilizing numbers for the metrics decouples them from 
the text, which emulates the abstraction of DMAIC outlined in Section 2.4.3.2.5, 
on Page 48, whereby the technique was decoupled from the tool(s). This 
abstraction facilitates a natural evolution, modification, customization and even 
translation of the text to different languages without any requirement to change 
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2. The % Compliance – Adding a numeric value to each of the columns facilitates 
measurability. Utilizing 0%, 25%, 50%, 75% and 100% as opposed to 0, 1, 2, 3 
and 4 conveys a location on a journey without any need for explanation. The 
term compliance has an advantage of introducing the concept of an audit by an 
authoritative figure, which is a very familiar term in the Life Sciences Sector 
and assigns significant importance to the process. Applying the colour coded 
visual aid semaphores identified in Section 2.4.3.2.3, on Page 45, dramatically 
increases visibility. It instantly highlights the risk of being in the wrong location, 
in the familiar terms of GAMP 5, as reviewed in Section 2.4.3.2.1,on Page 44. 
These features promote a sense of urgency and accountability for users to 
expedite progress along their ALIZA journey. 
 
3. The Roadmap – A Corporation can achieve a comprehensive and 
contextualized insight to the complete I4.0 landscape by assigning Current, 
Feasible and Target (see (A), (B) and (C) in Figure 29 / Figure 30) scores to 
each of the metrics. 
a. The Current score can be simply evaluated by the Stakeholders 
b. The Feasible score of what is technically possible should be assigned by 
the Technical Stakeholders within the Manufacturing Corporation, in 
conjunction with their System Integrators, to ensure that the score is 
based on high Technology Readiness Level (TRL) solutions, which can 
be successfully implemented, in this Manufacturing Corporation, now. 
This approach reduces the influences of the homophilious corporate 
consultants, Academic researchers and Technology Providers identified 
in Section 2.4.2 on Page 39, and Section 2.4.3 on Page 41. 
c. Care should be exercised with the Target score, to ensure that it is 
realistic. There may be a myriad of business reasons (e.g., financial, 
organisational, change management, product launches, etc.) why the 
feasible score is simply not viable, for this Manufacturing Corporation 
now. Once identified, such factors should be addressed, as opposed to 
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Figure 30: ALIZA I4.0-ES adapted from VDMA Toolbox (VDMA, 2016), (Author) 
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3.2.4  The ALIZA Compliance Summary Table  
Data from the Scorecards, as depicted in Figure 29 and Figure 30, can be rapidly 
collated into the ALIZA Compliance Summary Table shown in Table 20. This format 
provides immediate measurability of the key components in the Industry 4.0 
Manufacturing Drive Mechanism, initially defined in Figure 7 on Page 17. It clearly 
summarizes what is both feasible and viable, for this Manufacturing Corporation now, 
across the full landscape of Production and Equipment systems. As with Six Sigma, this 
insight is an ideal starting point for Corporate leadership to define the roadmap for their 
ALIZA Innovation Trigger, so that they can drive diffusion in the same way that 
Motorola did for their Quality Innovation Trigger, outlined in Section 2.3 on Page 32. 
 
 I4.0-PS   I4.0-ES 
Metric Current Target Feasible 
 
Metric Current Target Feasible 
1 25% 50% 100%  1 25% 50% 75% 
2 0% 75% 75%  2 0% 25% 75% 
3 0% 25% 100%  3 0% 25% 100% 
4 0% 25% 100%  4 0% 25% 75% 
5 0% 75% 75%  5 0% 75% 75% 
6 0% 0% 100%  6 0% 25% 50% 
TOTAL 4% 42% 92%  TOTAL 4% 38% 75% 
Table 20: I4.0 Compliance Summary Table (Author) 
3.2.5  Summary 
This section has developed MVPs of tools to provide both the Business Stakeholders 
and the I4.0-EPP Practitioners with an interface to the Production Layer. Scorecards 
have been developed with highly visible and measurable KPIs. The inclusion of IDEO’s 
feasibility and viability components in the scoring process stimulates collaboration 
between both the Business and Technical Stakeholders, which may help to reduce the 
heterophily issue identified in Section 2.4.2. Innovative Corporations in the Irish Life 
Sciences Sector can now subject these Scorecard MVPs to User Acceptance Testing 
(UAT). Future UAT should evaluate if these Scorecards can help Irish Life Sciences 
Corporations to define a roadmap based on a specific ALIZA Innovation Trigger, 
emulating Motorola’s Quality Innovation Trigger, identified in Section 2.3. 
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3.3 ALIZA I4.0-EPP Tools for the Equipment Layer 
The previous sections of this Chapter have successfully developed interface tools and 
techniques for managing the I4.0-EPP at the Business and Production Layers of the 
Manufacturing Corporation. Section 3.1 has developed interface tools which promote 
collaboration between the Business and Technical Stakeholders as they define their 
digital journey. This approach facilitates the evaluation of the technical feasibility and 
viability of the Business Stakeholders highly desirable ALIZA function at the outset. 
Section 3.2 enables Stakeholders to utilize Scorecards based on the VDMA Toolboxes 
to define the roadmap for the I4.0 technologies at the Production Layer and translate 
them into more specific equipment requirements. 
 
This section must now develop the techniques and tools for managing the new I4.0-EPP 
at the Equipment Layer. The objective, as defined in Section 1.3.2 on Page 19, will be 
to mitigate the risk of procuring equipment which does not integrate correctly into the 
Corporation’s I4.0 Digital Supply Chain. This technique and tool must support the 
Industry 4.0 Equipment Systems Engineer (I4.0-ESE), identified in Section 2.5.1 on 
Page 51, to design their Industry 4.0 Equipment Procurement Process (I4.0-EPP), as 
reviewed in Section 2.7. It must leverage the relevant standards (IEC-61512-1, 1997), 
(IEC-62264-1, 2013) and (ISA-62443-1-1, 2007), explored in Section 2.4.3.3 on Page 
48, to achieve the appropriate level of horizontal, vertical and external integration of the 
equipment into the Corporation’s I4.0 Digital Supply Chain. 
 
The technique for managing the I4.0-EPP, at the Equipment Layer, leverages the 
learnings from Six Sigma, outlined in Section 2.4.3.2.5, on Page 48. As with DMAIC, 
an acronym will be developed to describe the overall technique or process, but 
Measurability will be improved by adding numeric metrics for each of the letters of the 
acronym. The tool for managing the I4.0-EPP, at the Equipment Layer, must also 
leverage the learnings from the review of the technical layer outlined in Section 2.4.3. 
It should have a high degree of measurability, visibility, and understandability by 
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3.3.1  Developing the I4.0-EPP Technique 
The review of equipment technologies, outlined in Section 2.5.1 on Page 51, has 
highlighted that considerable expertise is required, in a significant number of technical 
topics, to support the I4.0-EPP. Section 2.6.3, on Page 63, stressed that it is unlikely 
routine Practitioners of an I3.0-EPP, exhibiting the characteristics outlined in Table 14 
on Page 63, will possess the specialized integration knowledge of the digital 
technologies in Section 2.5.1 and 2.4.3.3. Section 2.6.3, on Page 63, proceeded to 
recommend the utilization of the House of Quality (HoQ) tool from the Quality 
Function Deployment (QFD) methodology (Hauser & Clausing, 1998), (ISO 16355-1, 
2015) to support the design of the initial Minimum Viable Product (MVP) of the 
technique at the Equipment Layer. 
 
During this phase of the study the researcher held the position of Technical Director in 
SL Controls, an Irish Equipment Systems Integration Company. His role provided the 
researcher with an unprecedented level of access to Subject Matter Experts (SMEs) in 
mechanical, controls, electrical, software and validation topics relevant to 
manufacturing equipment. These SMEs were experienced Practitioners from the 
technical layer outlined in Section 2.4.3, on Page 41. They also had extensive 
experience in the relevant technical standards, from Section 2.4.3.3 on Page 48, thus 
they had a fundamental understanding of the requirements of horizontal, vertical, and 
external integration. It would not have been feasible to complete this phase of the study 
without access to such expertise, because a robust House of Quality (HoQ) analysis 
requires input from multiple sources, to reduce the risk of bias associated with an 
individual researcher’s experiences or opinions. 
 
Specific features of the HoQ analysis tool were prioritized as outlined in Figure 31 and 
Figure 32. The Hows (1), were used to identify the Whats (2), which helped to specify 
the relationships (3) and estimate the relative importance (4) of each entry. Features 
such as competitor analysis (5) correlation matrix (6) or targets (7) which would be 
more relevant to an instance of, as opposed the generic I4.0-EPP class, were excluded. 
This approach enabled the HoQ to be utilized in a very efficient fashion, without 
frustrating the SMEs with the complexity of an overly detailed design.   
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Figure 31: Specific Features of House of Quality (HoQ) (QFD Online, 2008) 
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Four design sessions were conducted with small teams of SMEs. Feedback was 
subsequently requested from the larger group of SMEs and collated in four linked 
houses (Hauser & Clausing, 1998). A QFD Excel Template (QFD Online, 2007)  was 
utilized to manage these linked houses, which have been depicted in Table 21 through 
to Table 24. 
 
Two distinct stages were utilized to distil the EPP requirements, as depicted in Figure 
33. Initially the voice of the customer was captured for the Industry 3.0 EPP (A). By 
including the integration standards (3), identified in Section 2.4.3.3 on Page 48, it was 
possible to capture the voice of the customer for the Industry 4.0 EPP (B). This two-
stage process is noteworthy. It recognizes the fact that I4.0 EPP requirements do not 
exist in isolation. The fundamental requirements of the I3.0 customer still exist and must 
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Table 23: House of Quality 3 – Integration Functional Requirements (Author) 
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This application of the HoQ has provided key insights which inform the design of the 
Technique for the I4.0-EPP at the Equipment Layer as follows: 
 
1. The customers of the EPP have been identified as Validation, Operation and 
Maintenance Groups. 
2. The horizontal, vertical, and external integration requirements can be linked to 
the detailed Validation, Operation and Maintenance customer requirements. 
3. The design of the I4.0-EPP can be linked to the horizontal, vertical, and external 
integration requirements. 
 
These key insights form a basis for specifying a technique for the I4.0-EPP at the 
Equipment Layer. Unfortunately, it was not possible to create an acronym as self-
explanatory as DMAIC’s Define-Measure-Analyse-Improve-Control, but a concise 
definition for a five-step acronym which describes the I4.0-EPP technique was defined 
as follows: 
 
The DiVOM technique quantifies how well the Design of the Industry 4.0 
Equipment Procurement Process (I4.0-EPP), will utilize the appropriate 
level of Integration, to ensure that the specified needs of the Validation, 
Operations and Maintenance customers will be delivered in accordance 
with current best working practice. 
 
This HoQ analysis has developed the high ceiling of an I4.0-EPP, thus overcoming the 
inherent weakness of OEE identified in Section 2.1.1 on Page 28, by documenting the 
requirements and the complex interaction between them. Unfortunately, the HoQ is a 
very specialized technical tool and as such does not have a low floor. It is much too 
complex to meet the trans topic collaboration requirements of an I4.0-EPP team 
(Loughlin, 2018). Research has shown that a lack of acceptance is very likely when 
Novices are intimidated by complexity or lack of familiarity (Nielsen, 1993). This work 
found that reorganising the HoQ requirements around each of the D-i-V-O-M metrics 
and removing the interaction between them dramatically increased the 
understandability for users. Three components were added per metric to provide an 
additional level of granularity as shown in Table 25. As with the icons in I4.0-PS and 
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I4.0-ES, the components rapidly communicate the intent, but without intimidating the 
Novice with specialist terms. This reorganization achieves a low floor, without repeating 
the flaw highlighted with OEE in Section 2.1.1, on Page 28, because the content for the 
high ceiling remains available for specialised users, as required. 
 
METRIC COMPONENT Example HoQ REQUIREMENTS 
Design 
Engagement Specialists engaged early in EPP 
Budget Adequate capital and support budget 
Schedule Integrated physical and cyber systems schedule 
Integration 
Horizontal MCN. HMI with SQL DB. RDP. VES on the MCN 
Vertical DB link to BES & ERP. Equipment Data at ERP 
External 
ISA 99 VES Access. ITIL based incident, problem & change 
management 
Validation 
Software Testing Risk based functional performance challenge & white box testing 
System Security Source code repository, Data Integrity 
Batch Traceability Equipment component interlocks, Feeder path component scan 
Operations 
Management Data OEE on office LAN 
QA Data QA data generated by the equipment 
Engineering Data Engineering data generated by the equipment 
Maintenance 
System Support On site engineer, specialists, support contracts 
Procedures 
ITIL based incidents, problems, and change procedures, ITIL 
automated event monitoring 
Knowledge 
Management 
Equipment & technology provider manuals on MCN, ITIL Know 
Error Database 
Table 25: HoQ requirements grouped by Component and Metric (Author) 
 
The DiVOM technique developed here has achieved the objective of clearly defining 
the I4.0-EPP function at the Equipment Layer. But even a simplified form of the 
DiVOM HoQ requirements, as outlined in Table 25, is not capable of achieving the 
necessary levels of visibility or measurability. A tool is required which adds these 
critical characteristics to the technique. 
 
Section 2.7 on Page 65 highlighted that the Overall Equipment Effectiveness (OEE) 
metric is not sufficient for the I4.0-EPP, because it only measures the effectiveness of 
the physical equipment and ignores the cyber systems. It suggested that OEE should be 
supplemented with an Overall Systems Effectiveness (OSE) Rating, as an acceptance 
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criterion for the equipment’s cyber systems prior to Order, for maximum impact on the 
I4.0-EPP.  I4.0 Equipment Systems Engineers (I4.0-ESEs), as defined in section 2.5.1 
on Page 51, should utilize the DiVOM technique to calculate the OSE Rating using the 
following tool: 
The Overall Systems Effectiveness (OSE) Calculator tool utilizes the 
DiVOM technique to benchmark how effectively the Industry 4.0 
Equipment Procurement Process (I4.0-EPP) implements the systems 
required to ensure that the customer's needs are satisfied in accordance 
with current best working practice, as defined by Subject Matter Experts 
(SME), within the overall Community of Practice (CoP). 
The OSE Calculator will be the primary Tool utilized by I4.0-ESEs for the management 
of the I4.0-EPP. The form of the OSE Calculator Tool will be critical to successfully 
delivering the I4.0-EPP function. Thus, a considerable amount of effort must be invested 
in its design, as outlined over the following pages. 
 
 
3.3.2  Developing the OSE Calculator Tool  
Significant learnings occurred during the development of the I4.0-Production Scorecard 
(I4.0-PS) and I4.0-Equipment Scorecard (I4.0-ES), for the Production Layer, outlined 
in Section 3.2 on Page 79. A sliding scale ranging from worst to best current practice 
rapidly communicates position to users. A uniform format across each of the metrics 
with an equal % assigned per column promotes a consistent approach. Other research 
has shown that users like, and become familiar with, such consistency very quickly 
(Nielsen, 1993).  
 
Section 2.4.3.2, on Page 43, clearly establishes that the Form [Form as terminology 
(Watts, 2011)] of the OSE Calculator Tool must deliver a high level of measurability, 
visibility and understandability. There must be clear KPIs, colour coded visual aid 
semaphores should be used, and a low floor & high ceiling relationship with its users is 
essential to its success. Section 2.4.3.2.5 on Page 48, also highlighted that this work 
must go further than Six Sigma (6σ). It must significantly improve measurability by 
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adding numeric metrics for each of the letters of the DiVOM acronym, coupled with a 
formula to provide an overall numeric KPI, in the form of the OSE Rating. 
 
Table 26 shows how to apply the concept of a low floor, ladder, and high ceiling, 
highlighted in Section 2.1.2 on Page 29, to the I4.0-EPP. The main steps in applying 
this concept were as follows: 
 
1. Create one overall measurable KPI (OSE) 
2. Decompose the KPI into five measurable Metrics (DiVOM) 
3. Decompose each Metric into three Components. This facilitates a total of 5 x 3 
= 15 measurable Metric\Components 
4. Decompose each Component into 10 Attributes. 
a. The term attribute was found to be a relatively neutral term which was 
suitable for referring to the various items in the Metric\Component. 
b. The attributes must be arranged sequentially from worst-in-class to best-
in-class. This conveys an order or sequence to the user. 
5. Decompose each attribute into as many specific requirements, as necessary.  
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There are five distinctive design features implemented in Table 26 which should be 
specifically emphasized to the reader because they could be easily overlooked. These 
design features are explored in detail below. 
 
1. A Generic Method – The first significant design feature is that the complete 
technique & tool has been designed to be generic in nature. In the I4.0-EPP 
instance, the steps for the technique are D-I-V-O-M and the KPI is OSE. The 
generic design process, outlined in Table 26, could easily be applied in other 
domains, resulting in further novel techniques, with their own KPIs. Also, the 
names of the components and attributes, their order or risk status are not 
specified. This ensures that the DiVOM technique and the OSE Calculator tool 
can always be updated to reflect current (or specific) best working practice as 
defined in Section 3.3.1. This approach minimises the risk of obsolescence 
which was highlighted in Section 2.4.3.2.5 on Page 48. 
 
2. The Magical Number (7+/-2) – The second significant design feature is that 
each of the variables (KPI, Metrics, Components, and attributes) have been 
limited to the magical number (7 +/- 2). This approach caters for the inherent 
constraints which humans have for the processing of chunks of data in short-
term memory and our inability to distinguish between more than nine 
alternatives accurately and consistently. (Miller, 1956). Applying (7 +/- 2) 
facilitate rapid familiarity and understandability by a wide variety of users. 
 
3. A Fixed Structure – The third significant design feature is the specification of 
the quantity of each variable, namely 1 x KPI, 5 x Metrics, 3 x Components per 
Metric, 10 x Attributes per Component and as many Requirements as necessary 
per Attribute. This fixed structure may appear to constrain the Expert, but it has 
significant inherent value. It forces the Expert to learn how to prioritize and 
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4. The OSE Formula – The fourth significant design feature is the formula which 
was utilised for the OSE Rating: 
OSE Rating = Design of EPP * Average (i, V, O, M) 
The multiplication formula of OEE, defined in Section 2.1.1 on Page 28, works 
well with three terms, but it would be extremely aggressive with the five terms 
of  D, i, V, O and M (e.g. 3% = 50% * 50% * 50% * 50% * 50%). The Design 
of EPP (D) was shown to have a very significant effect on OSE, in Section 2.7 
on Page 65, thus it is important that the influence of D is highlighted in the OSE 
Rating KPI.  Averaging the i, V, O and M terms, with the noted exception D, 
was found to provide good results during initial testing. This Minimum Viable 
Product (MVP) of the OSE Rating formula was found to rapidly convey the risk 
of an incorrect EPP, an inappropriate level of Integration, or not meeting the 
requirements of Validation, Operations, and Maintenance customers. It was 
deemed adequate for User Acceptance Testing (UAT), by EPP Practitioners in 
Chapter 4. 
 
5. Attributes – The fifth significant design feature is the use of the term attribute 
as the common denominator. The user may decide in each set of circumstances 
that an attribute is applicable or not applicable, has been achieved or not 
achieved. The attribute should be a relatively familiar term (enabling a low floor 
for Novices), but it may be composed of many detailed requirements which must 
be met before the attribute can be claimed to be achieved (high ceiling for the 
Expert). This essentially delivers a neutral zone, where familiarity can assist 
with knowledge transfer, as opposed to complexity causing intimidation. 
 
The OSE Calculator Tool, outlined in Figure 34, is a key output of this Design Process. 
It was developed in VB.net to provide a lightweight executable for User Acceptance 
Testing (UAT). Figure 34 shows an example Operation Metric screen (1) consisting of 
the Management Data, QA Data and Engineering Data components (2). The attributes 
for each component are arranged in numerical order according to their relative 
importance, within the limits of 0 to 10. Users start to estimate the overall score for each 
component at attribute 0. They then proceed to evaluate the applicability of each 
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attribute, as they determine how its subordinate requirements could be fully met. During 
the design phase, Subject Matter Experts (SMEs) were asked to individually classify 
each attribute as best in class, average, or worst in class. The VB.net application 
depicted in Figure 34, was programmed to apply pre-defined background colours of 
Green (A), Orange (B) and Red (C), to these three groupings for the purpose of 
improving the visibility metric of the tool, as defined in Section 2.4.3.2 on Page 43. This 
use of colour coded visual aid semaphores will support the rapid human interpretation 
of the relative value of each attribute, within an overall population. Aligning the 
groupings and colours to the GAMP 5 method, outlined in Section 2.4.3.2.1 on Page 
44, will enable users from the Irish Life Sciences Sector to instantly quantify each 
attribute in their familiar terms of low, medium, and high risk. 
 
Figure 34: VB.net OSE Calculator Tool – Operation Metric (Author) 
The Graphical User Interface (GUI) of the OSE Calculator, depicted in  Figure 34, is 
very feature rich. Users can holistically identify all the attributes for each component of 
the Metric, while evaluating its respective importance from 0 to 10. They can rapidly 
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measure their systems relative to current best working practice, even in an unfamiliar 
domain. The OSE Calculator Tool represents a significant improvement over the current 
I3.0-EPP method of just measuring OEE at FAT, outlined in Section 2.7, on Page 65. 
The GUI of the OSE Calculator, depicted in Figure 34, facilitates the efficient 
application of DMAIC to the I4.0-EPP for the first time. When SMEs invest the effort 
to Define what is important, they empower less skilled engineers to successfully 
Measure, Analyse and Improve the I4.0-EPP, which helps them to close the gap 
between the actual (b) and the target (a) for the specific metric. During initial testing 
users requested a tabular and graphical summary of the KPI, Metrics and Components. 
This functionality was incorporated in an OSE Report depicted by Figure 35 and Figure 
36. The OSE Report is another significant design output. It provides instant 
measurability, visibility, and understandability of the KPI, Metrics and Components. 
Thus, it can assist Practitioners to significantly reduce the risk of procuring equipment 
which does not have the appropriate level of integration.  
 
Figure 35: OSE Calculator Tool – Graphical Report View (Author) 
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Figure 36: OSE Calculator Tool – Tabular Report View (Author) 
 
3.3.3  Summary 
This section has met its objectives. It has developed the DiVOM technique to clearly 
define the I4.0-EPP Function at the Equipment Layer. The DiVOM technique provides 
a specific focus on the relevant standards which facilitate the appropriate level of 
horizontal, vertical, and external integration, thus ensuring that the equipment is the 
correct Fit for the Corporation’s I4.0 Digital Supply Chain. The DiVOM technique has 
been supplemented with the OSE Calculator Tool. Significant effort has been invested 
in defining the Form [Form as terminology (Watts, 2011)] of the OSE Calculator. 
Extensive use was made of KPIs, colour coded visual aid semaphores and low floor & 
high ceilings to ensure that The OSE Calculator meets the high level of measurability, 
visibility, and understandability, identified as critical factors in Section 2.4.3.2, on Page 
43. The process which was utilized to define the low floor, ladder, and high ceiling was 
found to be of significant value, and its generic nature means that it can easily be applied 





Chapter 3 – Initial Development Page 100 of 238 
3.4 Summary of Chapter 
This Chapter has successfully developed Minimum Viable Products (MVPs) of a set of 
tools and techniques, which support the Digital Transformation of Manufacturing 
Corporations, in the Irish Life Sciences Sector. The MVPs, and how they work together 
to achieve a Comprehensive Digital Transformation Workflow is outlined in Table 27. 
 
A Comprehensive Digital Transformation Workflow starts with the definition of a NEW 
Digital User Experience, expressed as a Story (1). This Story is told from the users 
perspective, but it must also convey which form(s) of product customization will be 
required (cosmetic, adaptive, transparent, or collaborative as defined in Table 3 through 
to Table 6, on Page 12 through to 15). This Chapter’s retrospective analysis of 
DigitALIZAtion in the music industry, contained in Table 18 on Page 76, has highlighted 
a significant risk of becoming excessively user centric during this phase. Business 
Stakeholders, as with Apple iTunes, must ensure the User Story (1) can support 
DigitALIZAtion (2) based on a financially sound Digital Business model for the 
Manufacturing Corporation, and its complete supply chain. 
 
Armed with a robust User Story (1), the Manufacturing Corporation can use a 
DigitALIZAtion phase (2) to mitigate the risk of heterophily (the degree to which 
individuals differ), between its Business and Technical Stakeholders, regarding the 
selection of digital technologies. Stakeholders can overcome traditional barriers, as they 
collaborate to define their specific Corporation’s ALIZA Vision, Strategy, and Tactics. 
Such collaboration removes the risk of a homophilious (the degree to which individuals 
are similar) influence by Corporate level management consulting services providers. 
 
The DigitALIZAtion phase (2) informs the DigitIZAtion phase (3) to complete the 
Digital Transformation. I4.0-EPP Practitioners utilize the DiVOM technique, as they 
Design the I4.0-EPP, with the appropriate level of integration, to meet the specified 
needs of their Validation, Operations & Maintenance customers. The resultant Overall 
Systems Effectiveness (OSE) rating supplements the currently inadequate Overall 
Equipment Effectiveness (OEE) rating, for the management of an I4.0-EPP, which 
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delivers equipment solutions, capable of achieving the Corporation’s Digital Business 
























3.1.1 / 71 
Divergent thinking to Discover & Define 
the new Digital Business Model. 
 
ALIZA Futures Cone 3.1.2 / 72 
Define the Potential Futures 
Negotiate the Preferred Future  
STRATEGY ALIZA Matrix 3.1.3 / 74 
Define Forms of key technology 
Select Optimum Form of the technology 





3.2.2 / 81 
Internal technical & Business 
Stakeholders collaborate to evaluate the 
technical feasibility & business viability 
of implementing key I4.0 functions. 
They define this Manufacturing 
Corporation’s I4.0 Roadmap, by 
benchmarking the Current, Potential & 

























DiVOM 3.3.1 / 85 
Define Validation, Operations & 
Maintenance customer requirements 
V, O & M 
DiVOM 3.3.1 / 85 
Specify the appropriate level of 
horizontal, vertical, and external 
Integration into the I4.0-DCSCN 
I 
DiVOM 3.3.1 / 85 
Design the I4.0-EPP to include the 
required cyber as well as physical systems 
D 
OSE 3.3.2 / 92 
Calculate the Overall Systems 




I4.0-EPP 2.7 / 65 
Procures Cyber Systems in parallel to the 
physical equipment systems. 
Include Software Quality and support 
tools (ISQ & ITIL) 
OSE & OEE 
 
Table 27: A Comprehensive Digital Transformation Workflow (Author)  
INFORMED BY 
User Story & DigitALIZAtion 
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4  TESTS,  RESULTS,  AN ALY SIS & RE -DE SIGN  
 
Chapter 1 has outlined the rationale for this research. It highlights both the need and 
urgency, which the Irish Life Sciences Sector has, for an Industry 4.0 Equipment 
Procurement Process (I4.0-EPP). This I4.0-EPP must significantly reduce the risk of 
procuring equipment which does not integrate correctly into the I4.0 Digitally 
Connected Supply Chain Network (I4.0-DCSCN). Chapter 2 provides a robust review 
of the diffusion of a Six Sigma innovation under the primary headings of (1) innovation 
versus newness and (2) Social Systems combined with Communication Channels. The 
focus of the review is then narrowed to the specific layers of the MAKE function in the 
Life Sciences Sector, which provides the insights necessary for Chapter 3. Chapter 3 
has designed Minimum Viable Products (MVPs) of the solutions necessary for the 
management of the Industry 4.0 Equipment Procurement Process (I4.0-EPP) at the three 
relevant layers of the MAKE function; namely Business, Production, and Equipment. 
 
In terms of the Research Goals defined in Section 1.3.2, on Page 19, Chapter 2 has 
researched how the I4.0-EPP innovations of this work could be effectively diffused into 
the Irish Life Sciences Sector, Chapter 3 has developed a technique and tools for 
managing the new I4.0-EPP, which could mitigate the risk of procuring equipment that 
does not integrate correctly into the Corporation’s I4.0 Digital Supply Chain. This 
Chapter must now focus on Research Goal 3. It should determine how existing skilled 
I3.0-EPP Practitioners could be efficiently trained to accurately use the I4.0-EPP 
DiVOM technique and the OSE Calculator Tool. 
 
This Chapter will achieve Research Goal 3 by limiting its focus to the DigitIZAtion part 
of the Digital Transformation Workflow, as depicted in Table 28. Alignment to the 
Research Methodology, outlined in Section 1.3.3 on Page 19, will be achieved by 
limiting the scope of this Chapter to the Equipment Layer, as defined in Figure 9 on 
Page 22. The User Story and DigitALIZAtion components, depicted in detail in Table 
27, on Page 101, will not be considered. Their purpose is merely to interface to the 
Business Stakeholders and inform the I4.0-EPP; they are not components of any 
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This Chapter uses a Participatory Action Research (PAR) methodology (a form of 
Action Inquiry that employs recognised research techniques which meet the criteria 
common to other kinds of Academic research and inform the action taken to improve 
practice) (Tripp, 2005). Table 35 outlines the three separate Participatory Action 
Research (PAR) Cycles which are contained in Sections 4.1 to 4.3 of this Chapter. These 
PAR Cycles can be summarized as follows: 
 
1. The first PAR Cycle, outlined in Section 4.1 on Page 107, focusses on managing 
the new I4.0-EPP. It evaluates if I3.0-EPP Practitioners can derive significant 
value from the DiVOM technique and the OSE Calculator Tool, as they manage 
the execution of an I4.0-EPP. 
2. The second PAR Cycle, outlined in Section 4.2 on Page 117, evaluates if just-
in-time Knowledge Assets can successfully reduce the intimidation factor, 
associated with the specialized topics utilized by the DiVOM technique and the 
OSE Calculator Tool, during the design of an I4.0-EPP. 
3. The third and final PAR Cycle, outlined in Section 4.3 on Page 130, completes 
this work by assessing the accuracy of the OSE Rating KPI, when utilized by a 
representative spectrum of users, to evaluate the design of an I4.0-EPP. 
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The concept of balancing the I4.0 Three-legged Stool was initially discussed in Section 
1.3.3, on Page 19. A design process which starts with Academically focused scientific 
or technical invention, and subsequently searches for suitable business applications, as 
depicted in (2) of Figure 25, on Page 61, cannot deliver the Comprehensive Digital 
Transformation Workflow. This study will utilize the process outlined in Table 29, 
based on the Comprehensive Digital Transformation Workflow, to balance the I4.0 
Three-legged Stool. It starts by defining a NEW Digital User Story (1), which achieves 
DigitALIZAtion (2), and informs their Technical Stakeholders of the DigitIZAtion 
requirements (3), which the I4.0-EPP must deliver. All that remains is for the Academic 
Stakeholders to provide a method to ensure competence in the topics which support the 
user story (4). 
1 2 3 4 
    
Table 29: Process for Balancing the I4.0 Three-Legged Stool (Author) 
Balancing the I4.0 Three-legged Stool in the Irish Life Sciences Sector, will require 
Academic providers to adopt an approach which is analogous to, but not competing 
with, the ISPE, as described in Section 2.4.1.1 on Page 35. In the same timeframe as 
this study, the researcher has followed the roadmap outlined in Figure 37, to create the 
E-Cubers brand, within the Academic structure of The ESE Academy (see Appendix E 
for more details). The E-Cubers brand actively supports the creation of Communities of 
Practice (CoP), to provide the Social Systems and Communication Channels defined in 
Section 2.4 on Page 30, for the diffusion of equipment centric innovations. Such CoPs 
will enable existing I3.0-EPP Practitioners and new I4.0-ESEs to collaborate, as they 
rapidly develop their competencies in equipment topics, which support the Irish Life 
Sciences Sector on its DigitALIZAtion journey. These CoPs have the potential to 
provide the technical innovation & talent pipeline for the process of knowledge 
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generation, diffusion, and absorption (IfM, 2018), in the domain of Equipment Systems 
Engineering, outlined in Figure 6 on Page 16. 
 
Figure 37: Journey to the Occupation of Equipment Systems Engineer (Author) 
In 2010 the initial requirement to document the Equipment Systems Integration (ESI) 
process was identified by SL Controls; an Irish owned company providing highly 
specialized equipment integration services primarily to American Multi-National 
Corporations (MNC). From 2010 to 2012 SL Controls leveraged its access to industrial 
practitioners and Subject Matter Experts (SMEs) to start documenting the Equipment 
Systems Integration (ESI) process.  
Since 2012 SL Controls have sponsored the academic component of this research with 
the Technological University Dublin (TUD). 
In 2015 this research came to the attention of a leading healthcare MNC. This resulted 
in a strategic collaboration initiative which continues to the present date. As part of 
this initiative the MNC shared business insights while SL Controls contributed technical 
insights. The fusion of both insights has resulted in numerous innovative solutions. 
In 2016 The ESE Academy was established as an educational company focussed on the 
research, development, and promotion of the occupation of Equipment Systems 
Engineer under the brand of E-Cubers which represents Equipment Engineering 
Excellence. The ESE Academy has supported the University of Limerick (UL) to launch 
the MEng in Mechatronics and the successful application to Science Foundation 
Ireland (SFI) for CONFIRM – The national Smart Manufacturing centre. 
In 2019 The ESE Academy and the University of Limerick (UL) were approved by SOLAS 
to develop and deliver the MEng in Equipment Systems Engineering (ESE). Equipment 
Systems Engineering was formally recognized by SOLAS as a national occupation.  The 
MEng in ESE will be a programme of applied research which will be delivered in an 
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4.1 Evaluating the Value of DiVOM and The OSE Calculator  
I3.0-EPP Practitioners are highly skilled at quantifying the value proposition of a 
solution in the Equipment Domain. Even I3.0-EPP innovators (Rogers, 2003) will 
require the value proposition of the DiVOM technique and OSE Calculator tool to be 
quantified prior to adoption. This initial PAR Cycle performs User Acceptance Testing 
(UAT) to evaluate the value which can be derived from applying the first Minimum 
Viable Product (MVP) of the technique and tool to four Industrial Case Studies. 
4.1.1  Planning 
The DiVOM technique and OSE Calculator Tool must be perceived as a valuable 
design, which is desirable, feasible and viable (IDEO, 2015), before they will be 
adopted by I3.0-EPP Practitioners. But a valuable design alone will not guarantee 
widespread adoption. These innovations must be proven to deliver tangible value, by 
providing a significant improvement in the high-level customer requirements outlined 
in Table 21 on Page 88, before Practitioners will be motivated to adopt them. This PAR 
Cycle will evaluate the perceived and tangible value of these innovations, from an I3.0-
EPP practitioner’s perspective, for the management of an I4.0-EPP.  
4.1.2  Implementation 
From 2013 to 2015 four separate Equipment Procurement Processes were selected and 
used as anonymised Case Studies. During these Case Studies, I3.0-EPP Practitioners 
evaluated the DiVOM technique and the OSE Calculator, in a voluntary, anonymous 
fashion. A co-option (when a researcher persuades someone (to choose) to help them 
with their research, the co-opted person in effect agreeing to provide a service to the 
researcher (Tripp, 2005)) method of participation was utilized. Compulsion was not 
feasible. Even if the researcher had the authority to direct the participants it is extremely 
unlikely that such a dictatorial approach would encourage participants to actively 
contribute their valuable insights. The Practitioners were operating under significant 
time constraints thus they could not make themselves available for extended periods. 
Unfortunately, this meant that co-operation or collaboration methods of participation, 
and the detailed insights which they provide, were not feasible with the Industrial 
Practitioners during these Case Studies. 
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4.1.3  Research Report  
This research report starts by providing a brief rationale for the method of data 
production utilized during this Participatory Action Research (PAR) cycle. The 
collected data will then be presented and analysed. The report will conclude with a 
discussion of the results and endeavour to provide an explanation of the implications of 
the findings. These findings will be utilized to inform the re-design of the MVP and the 
next iteration of UAT. 
4.1.3.1  Rationale for Method of Data Production  
This cycle utilized an evaluative and ethnographic research approach. I3.0-EPP 
Practitioners were provided with the opportunity to critique in a structured interview 
format, while the researcher performed a Walk-a-Mile Immersion  (LUMA Institute, 
2012) during the EPPs. This approach supported the co-option method of participation, 
while remaining cognisant of the practitioner’s time constraints. It also provided a 
reciprocal knowledge transfer function between the researcher and Practitioners.  
 
Interview questions were organized around the headings outlined in Table 30 whereby: 
1. Desirability is evaluated based on the wish to migrate to an I4.0-EPP 
2. Feasibility (Pre-Requisites) is evaluated by the researcher based on: 
a. Understanding of key concepts 
b. Availability of expertise to support the I4.0-EPP 
c. IT and IS infrastructure at the OEM’s site to facilitate a Data Driven FAT 
3. Feasibility (Usability) is evaluated by the practitioner for: 
d. The OSE Calculator 
e. The OSE Report 
4. Viability (Perceived Value) observed by the practitioner 
5. Tangible Value evaluated in terms of: 
a. Investment made in the EPP 
b. Improvement in EPP high level customer requirements (see Table 21)  
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The blank format of Table 30 was utilized for data capture during the interviews. The 
questions which were posed during the interviews were constructed to provide positive 
answers, whereby Yes → desirable and No → undesirable. This convention was 
combined with colour coded visual aid semaphores, defined in Section 2.4.3.2, on Page 
43, resulting in (1) green for yes, (2) orange for partially, (3) red for no and (4) grey for 
Not Applicable (N/A) or (5) To Be Determined (TBD). This approach provides a highly 




Table 30: Interview Data Capture Method (Author) 
 
The questions were designed to be generic in nature so that they did not reveal any 
specific project details and maintained the required anonymity of both the Practitioners 
and the use cases. This method of question design was important to ensure that the 
ethical constraints defined in Section 2.6.4, on Page 64, were suitably addressed. 
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4.1.3.2  Presentation and Analysis of Data  
The data captured from the four case studies, for the desirability and feasibility variables 
has been summarized in Table 31, and subsequently analysed in Table 32. The data for 























Does the Company utilise the conventional EPP? Yes Yes Yes Yes 
Is there value in the proposed I4.0-EPP for your 
Company? 
Yes No Yes Yes 
Is the Project Manager responsible for the Design of the 
EPP? 




























Is the definition of OSE understandable? Yes Yes Yes Yes 
Is the definition of DiVOM understandable? Yes Yes Yes Yes 
Does Validation, Operations and Maintenance 
adequately identify the customers of the EPP? 
Yes Yes Yes Yes 
Does Horizontal, Vertical and External Integration 
adequately decompose the Integration requirements? 








Do you understand all the terminology? No No No No 
Does your Company have Subject Matter Experts 
(SMEs) who would understand all the terminology? 
No No No No 
Would your Company invest in providing you with 
training on this terminology?  
Yes No Yes Yes 
Is training in this terminology readily available? No No No No 
IT
 
Is it possible to simulate the Company’s IT systems at 
the OEM’s site? 
Partially Yes Yes Yes 
Would your Company simulate the Company’s IT 
systems at the OEM’s site?  




























Is the VB.net application of the OSE Calculator 
suitable? 
Yes N/A Yes Yes 
Are the 5 metrics of D, I, V, O and M suitable? Yes N/A Yes Yes 
Are 3 high level design requirements per metric 
suitable? 
Yes N/A Yes Yes 
Does the colour coding (green = low risk, orange = 
medium risk, red = high risk) aid the rating process? 
Partially N/A Partially Partially 
Is the plot of target versus actual useful? Partially N/A Yes Yes 
Is the formula Metric = Average (High Level 
Requirements) acceptable? 
Yes N/A Yes Yes 
Is the formula Overall System Effectiveness (OSE) = 
Design * Average (Integration, Validation, Operation, 
Maintenance) adequate? 
Yes N/A Yes Yes 
Is the help file adequate No N/A No No 
Is the OSE Report summary form satisfactory? Yes N/A Yes Yes 
Is the OSE Report graph suitable?  Yes N/A Yes Yes 
Is the OSE Report tabular format suitable? Yes N/A Yes Yes 
Could you explain the findings to others?  Partially N/A No No 
Could you use the OSE Report for continuous 
improvement? 
Yes N/A Partially Partially 
Table 31: DiVOM & OSE – Data Gathered for Desirability and Feasibility (Author) 
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The feedback from the Practitioners validates that the description of the I3.0-EPP, 
produced as part of this study, is accurate. All the Organisations confirm that they 
utilise it. It is important to note that even though 75% of Organisations 
acknowledged value in the I4.0- EPP it is not for every Organisation, in every 
situation. Case Study 2 remained committed to the I3.0-EPP and saw little or no 
value in migrating to the I4.0- EPP. It is important to note that the customer in Case 
Study 2 was charged with delivering an existing project and the researcher was 
engaged at the EPP execution as opposed to the EPP design phase. Case Study 2 
did not view the I4.0-EPP as an opportunity to improve. They viewed it as a 



























The interviews, which were conducted with a wide spectrum of engineers, at 
various levels in their respective Organisations, comprehensively concluded that 
the definitions of DiVOM and OSE are understandable. The customers of the EPP 
are adequately identified as Validation, Operation and Maintenance and the 
integration requirements can be adequately decomposed with horizontal, vertical, 
and external integration. From these limited case studies, we can state that it was 
possible to convey the underlying principles and concepts of the DiVOM 
benchmarking process to the audience, but a wider study is required before it can 









The DiVOM benchmarking process and the OSE Calculator did successfully 
provide the ability to quickly benchmark an EPP against current industry best 
practices. However, it did not provide an adequate method of transferring the 
required body of knowledge to the engineering audience. The case studies clearly 
identified that these Organisations are willing to invest in training but that the 
training is simply not readily available and the help file which was provided with 
the OSE Calculator tool was not adequate to fill the knowledge gap 
IT
 
A major finding of this study was that even though it is possible to simulate the 
Company’s IT system at the OEM site (The limitation is Case Study 1 is purely a 
financial restriction and can be overcome by investment) none of the companies 





























Extremely positive feedback for usability justifies the effort invested in researching 
and defining the function of an I4.0-EPP and a DiVOM technique in combination 
with a refined form of the OSE Calculator Tool.  
None of the case studies understood all the terminology, had SMEs who understood 
the terminology, or even knew where training could be obtained for the 
terminology. But (with the noted exception of the Case Study 1 outlier) they all 
could understand the technique and felt that they could use the tool for continuous 
improvement of their EPP.  
Table 32: DiVOM & OSE – Analysis of Desirability and Feasibility Data (Author) 
 
 





































Is there value in the process of analysing the 
requirements of the Validation Operations and 
Maintenance customers? 
Yes N/A Yes Yes 
Is there value in the process of analysing the design of 
the EPP? 
Yes N/A Yes Yes 
Is there value in the process of analysing the level of 
integration of controls and data systems? 
Yes N/A Yes Yes 
Were improvements in the OSE rating identified during 
the brainstorming session? 
Yes N/A Yes Yes 
Could the improvements be made without a facilitator 
who is a highly skilled ESE? 























Was there an awareness of requirement to change the 
EPP? 
Yes No Yes Yes 
Were adequate resources allocated to drive change? Partially No Yes Yes 
Was a Project Sponsor allocated to Optimising the 
EPP? 
Yes No Yes Yes 
Was the Project Sponsor a competent change agent? Yes No No Yes 
Was the Project Sponsor a senior manager? Yes No No Yes 








Was a significant improvement of the EPP achieved? Yes No No N/A 
Was a significant improvement of the OSE rating 
achieved? 
Yes No No Yes 
Was a Data Driven FAT achieved? Partially No TBD N/A 
Was a significant improvement of the OEE achieved? Yes No TBD N/A 
Was a significant improvement in regulatory 
compliance achieved? 
Yes No TBD Yes 
Table 33: DiVOM & OSE – Data Gathered for Viability (Author) 
 


























 A very high level of perceived value was achieved across all the case studies but 
the requirement for the availability of a highly skilled ESE as a facilitator to the 
OSE Optimisation process cannot be ignored. This restriction when coupled to the 
observation that the participants would not feel comfortable with the responsibility 
of having to explain the findings to others highlights significant knowledge 
































Case Study 1 and Case Study 4 both made substantial financial investments in the 
process. These investments have delivered significant tangible value for both 
Companies, albeit with different relevant metrics. Case Study 3 clearly 
demonstrates that financial investment in isolation is simply not enough. It appears 
that the responsible person must be a senior manager, who is a competent change 
agent, before DiVOM can deliver tangible value. At its core, the migration from an 
I3.0-EPP to an I4.0-EPP is a radical process change, thus it is hardly surprising that 
it requires a competent change agent at senior management level and must be 
resourced accordingly. Case Study 2 is very important because it proves the 
negative case. When the investment was not made, changes were not observed in 
the EPPP, high level customer requirements defined in Table 21 
Table 34: DiVOM & OSE – Analysis of Viability Data (Author) 
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4.1.3.3  Discussion of Results  
These four Case Studies validate that the DIVOM technique and OSE Calculator tool 
can enable I3.0-EPP Practitioners, facilitated by a highly skilled ESE, to derive 
significant tangible value for their Manufacturing Corporations. They represent a 
valuable design with a high level of desirability, feasibility, and viability. But this 
discussion must focus on the failures if it is to adhere to the Research Methodology 
outlined in Section 1.3.3, on Page 19, and leverage the inherent value of the Risk-Based 
Fail Fast (Sutherland, 2014) philosophy, which facilitates Agile software development.  
 
Two significant failures were identified during this PAR Cycle. The OSE Calculator 
did not adequately address the I4.0 knowledge gap. The was a lack of willingness by 
I3.0 Practitioners to take ownership of managing the procurement of the I4.0 
infrastructure for FAT. These failures are discussed in detail over the following sections 
to help inform the next cycle of development. 
4.1.3.3.1 I4.0-EPP Knowledge Gap 
It was clearly understood at the outset that a knowledge gap existed between current 
working practice and future I4.0-EPP requirements, but the depth and breadth of this 
knowledge gap was totally underestimated. The researcher holds a privileged technical 
position in an extremely specialised Organisation focussed on equipment procurement 
across many disparate sectors. But it is incorrect to assume that other engineers or 
Academics have access to similar resources. The author incorrectly assumed that the 
utilisation of the House of Quality to distil expert tacit knowledge into a benchmarking 
process would be enough to bridge the knowledge gap. This highlights the inherent 
value of the Risk-Based Fail Fast (Sutherland, 2014) philosophy, at the core of the Agile 
Development Methodology, utilized by this research.  The current Academic offering is 
focussed on Mechatronic Engineering. The requirement for a new occupation of 
Industry 4.0 Equipment System Engineer (I4.0-ESE), capable of supporting the I4.0-
EPP, has only become apparent during Section 2.5.1, on Page 51, of this study. 
Focussed action is required, both by the Manufacturing Corporations and Academic 
Organisations, to deliver I4.0-EPP training, in the time frame necessary to exploit the 
potential job creation opportunities outlined in Section 1.1.3 on Page 6.  
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The concept of topic as opposed to discipline was raised during the literature review in 
Section 2.5.1 (Loughlin & McGrory, 2013). The word topic has not been used lightly. 
Disciplines are hierarchical silos of knowledge frequently based on Academic 
qualifications, but the primary focus of ESEs is to deliver creative solutions (IDEO, 
2015). ESEs will require an appreciation of many constantly evolving topics. The inter, 
cross and trans topic collaboration required for such creativity can only be achieved 
with just-in-time knowledge organised by topic (Loughlin, 2018). The purpose of this 
new just-in-time knowledge will be to support the practical application and 
implementation of equipment technologies with a high Technology Readiness Level 
(TRL), to deliver solutions which are desirable, feasible and viable. The new just-in-
time knowledge should be stored in Communities of Practice (CoP) (Wenger, et al., 
2002) as opposed to Academic departments. At the core of each CoP there must be a 
shared domain which creates a sense of accountability to a body of knowledge and 
therefore to the development of a Practice. These CoPs are not abstract areas of interest, 
such as those commonly found in Academic research or even Academic subjects. They 
consist of key issues or problems that members commonly experience, not merely a 
passing issue, which can be addressed by a temporary task force. They contain answers 
to complex and long-standing issues that require sustained learning over an extended 
period. This topic centric CoP approach requires a significant Mindshift, in both 
Industry and Academia. The current I3.0 multidisciplinary approach, whereby 
equipment technologies are dictated by the mechanical discipline, with other disciplines 
as their service providers, is not suitable for I4.0. This change of focus from discipline 
to topic is required to support low floors and high ceilings (Papert, 1993) in the I4.-EPP 
domain, but the prerequisite Mindshift should not be underestimated.  
4.1.3.3.2 I4.0 Infrastructure for FAT 
One significant finding was that even though it is possible to simulate the Company’s 
IT system at the OEM site (The limitation in Case Study 1 is purely a financial 
restriction and can be overcome by investment) none of the companies actively 
embraced this opportunity. There appeared to be numerous contributing factors. The 
Project Managers, who were all mechanical, regarded it as a distraction and did not want 
to risk schedule and cost impacts. Both the Manufacturing Organisation and OEMs 
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Project Managers are measured based on compliance to schedule. The FAT is a major 
schedule deliverable for any EPP. There is a high risk that a data driven FAT could 
delay the start or extend the duration of the FAT. Such delays would reflect poorly on 
Project Managers, whereas delays or poor performance after the equipment is delivered 
to site is not easily attributable to them. The IT systems required for a Data Driven FAT 
are complex. They require specialist resources, which are not always available, or 
budgeted for. Finally, from an IT perspective, there is a risk, perceived or otherwise, of 
security breaches and/or data loss. This researcher concludes that significant changes 
are required in existing working practices to achieve Data Driven FATs as required by 
the I4.0-EPP defined in Figure 26, on Page 66. No insurmountable barriers were 
identified, but strong, clear direction is required from Project Sponsors to achieve a 
migration to the I4.0-EPP. The required DigitIZAtion will not be achieved at the 
Equipment Layer, until both the Vendor and Project Manager are accountable for the 
OSE and OEE at FAT. 
4.1.4  Evaluation 
The Action Research conducted during these case studies provides significant insights 
into how the DiVOM technique and OSE Calculator Tool could change the practice of 
equipment procurement. It also identified specific factors which should be considered 
when conducting Action Research with skilled I3.0-EPP Practitioners. Both 
perspectives are explored in greater detail in the following sections. 
4.1.4.1  Evaluation of Change in Practice  
The data gathered in Table 33 clearly highlights that significant value can be derived 
when a Corporation has a strong desire to change their EPP. This desire to change the 
EPP must be driven from the Business Layer. Adequate resources must be provided by 
Project Sponsors to support the implementation of new I4.0 cyber systems. These 
Project Sponsors must also promote the importance of the OSE KPI, to the same, or an 
even higher level than the OEE KPI. It will not be realistic to expect I3.0-EPP 
Practitioners to migrate to an I4.0-EPP until the OSE KPI is recognized as valuable by 
the Project Sponsor. Project Sponsors can utilize the OSE KPI to ensure that the 
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required I4.0 cyber systems have been procured for utilisation at the equipment FAT, 
thus enabling the I4.0-EPP defined in Figure 26, on Page 66, to be realised. 
These Case Studies clearly prove that the Function of the DiVOM technique, defined 
in Section 3.3.1, and the Form [Form as terminology (Watts, 2011)] of the OSE 
Calculator Tool, outlined in 3.3.2, provide a novel low floor for the management of the 
I4.0-EPP. This low floor is a significant breakthrough because it enables Novices (or 
less capable I4.0-EPP Practitioners) to comprehend the status of the EPP, even when 
they are not familiar with all the specialised terms. Nevertheless, the DiVOM technique 
and the OSE Calculator tool can only be regarded as completely feasible when it 
provides a method of upskilling the I3.0-EPP Practitioners to fully capable I4.0-EPP 
Practitioners. 
4.1.4.2  Evaluation of Research  
The co-option method of participation proved to be the correct choice for these Case 
Studies, but it is not without challenges. Co-option participation is very difficult to 
manage with experienced I3.0-EPP Practitioners. They are highly skilled at managing 
both scope and time. They are willing to help but only to a point, thus they are not an 
ideal service provider for a researcher. It is very unlikely that they would agree to 
provide any service to the researcher unless it translated into personal, tangible value 
for them in the short term. This researcher’s Industrial experience in the integration 
domain, and the opportunity for the Practitioners to upskill in I4.0 technologies at no 
cost, helped to encourage participation. It is unlikely that this incentive could be easily 
replicated by a purely Academic researcher, thus it should not be considered as a 
research method which could be widely adopted. Nevertheless, it was an ideal format 
for this researcher, with these Practitioners at that specific point in time. 
 
Detailed formal evaluative research methods such as heuristic review (Nielsen & Mack, 
1994), or System Usability Scale (Jordan, 1996), may provide a better insight to any 
fundamental user interface issues. These research methods do not require explicit access 
to experienced I3.0-EPP Practitioners, thus they were not critical at this stage of testing, 
but they could deliver significant benefits if they were applied to future revisions of the 
OSE Calculator Tool. 
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4.2 Just-in-time Knowledge of DiVOM Topics  
The first PAR Cycle, outlined in Section 4.1, on Page 107, clearly ascertained that 
skilled I3.0-EPP Practitioners were intimidated by the specialized I4.0 terms contained 
in the OSE Calculator Tool. A requirement was established for Knowledge Assets 
which supported just-in-time knowledge organised by DiVOM topic. This cycle of 
development must provide suitable Knowledge Assets to support the DiVOM technique 
and OSE Calculator Tool. A PAR Cycle must then be completed to quantify how well 
these Knowledge Assets mitigate the observed intimidation factor. This intimidation 
factor is a barrier which must be removed before Research Goal 3, outlined in Section 
1.3.2, on Page 19, can be achieved. 
4.2.1  Planning 
During the first PAR Cycle, I3.0-EPP Practitioners clearly highlighted that their 
Corporations would invest in training on the specialized DiVOM topics if it were 
available. As part of this PAR Cycle the researcher initially collaborated with other I4.0 
Subject Matter Experts (SMEs) to develop specific Knowledge Assets capable of 
expediting the knowledge transfer process of the DiVOM topics. The researcher then 
partnered with the University of Limerick and provided these Knowledge Assets under 
an Academic license for the MEng in Mechatronics. The process of knowledge transfer 
was observed with the MEng students, on a voluntary, anonymous basis, to evaluate if 
the desired just-in-time knowledge of DiVOM topics could be achieved. The objective 
with this approach was to determine the effectiveness of the Knowledge Assets in a 
controlled environment, prior to making them available as an Academic offering, to 
upskill I3.0-EPP Practitioners in I4.0-EPP topics.  
4.2.2  Implementation 
From 2016 to 2018, students were mentored on an MEng in Mechatronics. This MEng 
was a taught course, ran over three semesters, at the University of Limerick. In the first 
semester a tutor-based dialogue (Muller, 2008) was utilized to introduce the DiVOM 
topics to the students. This dialogue continued in the second semester and third 
semesters where the students utilized their new knowledge to design and develop an 
I4.0 equipment solution. 
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As with the first PAR Cycle, a co-option (when a researcher persuades someone (to 
choose) to help them with their research, the co-opted person in effect agreeing to 
provide a service to the researcher (Tripp, 2005)) method of participation was deemed 
the most appropriate. The students were willing, voluntary, anonymous participants 
who self-assessed their understanding of each DiVOM attribute over the course of the 
Academic year. It was highlighted to students at the outset of each year that participation 
was optional and would not influence their grade in any fashion. It is hoped, but it can 
never be guaranteed, that this would reduce the effect of bias based on students selecting 
what they perceived as the researcher’s desired answer. 
4.2.2.1  Review of State of the Art  
The Kahn Academy utilizes online Knowledge Assets and a self-paced learning 
methodology to provide a free, world-class education for anyone, anywhere (Kahn 
Academy, 2019). The impact of Kahn Academy’s online Knowledge Assets has been 
enormous. By Jan 2014, the Kahn academy had 10 million users per month and over 4 
million practice problems completed each day (Mathletes, 2014). The Kahn Academy 
utilises a low-tech, conversational tutorial to deliver its content. With this format the 
mentor’s face never appears as they progressively draw and explain the topic for the 
student on a blackboard. But it can be argued that, from a pedagogical perspective, the 
Kahn Academy’s online Knowledge Assets are truly nothing more than a clever 
utilisation of technology, combined with a novel exploitation of the motivational factors 
of Autonomy, Mastery and Purpose (Pink, 2009). It also appeals to the increasingly 
short attention span of students (Statistic Brain Research Institute, 2014), by providing 
tutorials which are 5 minutes or less. The Kahn Academy’s techniques demonstrate the 
value of utilising technology to remove the very human Intimidation Factor. It is highly 
effective at removing any embarrassment associated with asking questions (Dweck, 
2015). If the Novice misses any key point, they can replay the content and learn at their 
own pace, removing the necessity for synchronous learning. It is not yet clear whether 
the replay technology or the actual knowledge asset is the primary factor. 
 
This PAR Cycle does not require Kahn’s high-tech methodology, because it is not 
attempting to reach everyone, everywhere. It will use a low-tech approach to evaluate if 
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concise Knowledge Assets, provided by experts, can reassure Novices engaged in self-
paced learning, that they could understand the topics which the DiVOM attributes 
reference. It is evaluating if the Intimidation Factor observed in Section 4.1 can be 
mitigated. It is not suggested that Knowledge Assets and a self-paced learning 
methodology are capable of migrating I3.0-EPP Practitioners to a high ceiling in an 
unfamiliar topic. The objective is to help the I3.0-EPP Practitioners to get off the floor. 
The initial lecture-style explanation, popularized by Kahn and utilized by these 
Knowledge Assets, where only correct information presented, is not a substitute for 
engaging the meaningful dialog whereby several alternatives are explored (Muller, 
2008) which will be required for a high ceiling.  
4.2.2.2  Development of DiVOM Knowledge Assets  
SL Controls sponsored Subject Matter Experts (SMEs) to assist with the creation of 
specific Knowledge Assets for every DiVOM Component. These Knowledge Assets 
were called Requirements Guides. The Requirements Guides were created in Microsoft 
Word format and made available in PDF format to the University of Limerick for 
Academic use (see Appendix D for an example document). A predefined document 
structure was designed for the Requirements Guides as outlined in Figure 38. This 
design utilized the hyperlinked caption feature of Table of Contents and Table of Tables 
to great effect. These hyperlinks enabled users to rapidly navigate to the desired region 
of interest and support the just-in-time knowledge requirement outlined in Section 
4.1.3.3.1, on Page 113. Figure 38 outlines these specific design features in more detail: 
 
1. Every DiVOM attribute is clearly identified with its own separate numbered 
heading. This heading has two subsections: 
a. The objective subsection succinctly states the purpose of the attribute 
which enables the user to rapidly determine if the attribute is relevant to 
their use case. 
b. The requirements subsection contains all the explicit requirements which 
must be met before the objective can be claimed to be achieved 
2. Every DiVOM attribute has a hyperlinked table, which is contained in the 
requirements sub-section. The tabular format ensures that a consistent approach 
is taken by the Subject Matter Experts (SMEs) when they state the requirements. 
 




Figure 38: Requirements Guide Document Structure (Author) 
 
The Requirements Guides also utilise a pre-defined structure for every attribute as 
shown in Figure 39: 
 
1. The objective, of the attribute, is clearly stated in a brief paragraph. This enables 
the user to rapidly determine if the attribute is applicable to their use case. 
2. The individual requirements, which must be met before the attribute can be 
classified as achieved, are contained in a table. 
3. The table must have the following headings: 
a. A sequential requirement number (No) for traceability. 
b. A requirement group (Group) for summarising status. 
c. The I4.0 Requirement. 
d. A Description providing detail about how to meet the requirement. 
4. There is no restriction on the number of requirements which an attribute can 
contain, and the table can be expanded as required. 
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Figure 39: Requirements Guide Attribute Structure (Author) 
 
4.2.2.3  Development of the DiVOM Workbook 
The DiVOM Workbook, shown in Figure 40, was designed for this PAR Cycle and 
provided to every participant. The following key design features were integrated into 
the DiVOM Workbook: 
 
1. A notification was provided to participants, at the top of the worksheet, to inform 
them that the data which they were submitting may be analysed in accordance 
with the ethics approach outlined in Section 2.6.4, on Page 64.  
2. The Attributes were hierarchically organised by Metric, Component, Score and 
Attributes  
3. A notes section was provided which enabled students to collate their comments 
about each attribute 
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4. A separate cell was provided for understanding in each semester. This enabled 
students to document their percentage understanding of each DiVOM attribute, 
as they progressed through semester 1, 2 and 3. This key design feature enabled: 
a. Identification of trends throughout the year 
b. Comparison of differences between control groups 
 
Figure 40: The DiVOM Workbook (Author)  
4.2.3  Research Report  
This research report starts by providing a brief rationale for the method of data 
production utilized during this PAR Cycle. The collected data will then be presented 
and analysed. The report will conclude with a discussion of the results and endeavour 
to provide an explanation of the implications of the findings. These findings will be 
utilized to inform the re-design of the MVP and the next iteration of UAT. 
4.2.3.1  Rationale for Method of Data Production  
The primary objective of this PAR Cycle was to quantify the effect which Knowledge 
Assets have of a learner’s perception of their understanding of a DiVOM topic. An 
assumption was made that there would be some false positives (students think they 
understand a topic even though they do not). It was also assumed that there would be 
very few false negatives (students think that they do not understand a topic, but they 
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do). This experiment focussed on eliciting the user’s perception as opposed to creating 
an absolute measure of the accuracy of their understanding; it was not an examination. 
 
The DiVOM Workbook, outlined in Figure 40, was the primary data capture instrument 
utilized for this PAR Cycle. It provided a highly structured approach to journaling from 
the participatory research domain. A secondary instrument was utilized in the form of 
a Competencies Plan, outlined in Appendix B, which was available for the analysis of 
contributory factors if required. This Competencies Plan provided background data 
such as age, personality type (NERIS Analytics, 2019), qualification level, awarding 
Institute, Industrial experience and skill level in the ESE Competencies defined in 
Section 2.5.1, on Page 51. A fly-on-the wall observation approach, from the 
ethnographic research domain (LUMA Institute, 2012), was utilized by the researcher, 
to observe how the learners estimated and calculated the OSE Rating. 
 
Kahn’s utilization of Knowledge Assets encourages self-paced learning prior to the 
tutoring process. This has enabled educators to successfully flip the classroom (Kahn 
Academy, 2019), but it cannot be assumed that the same solution will work in the I4.0-
EPP domain. Three research questions must be answered during this PAR Cycle (1) Are 
Knowledge Assets required in the I4.0-EPP domain? (2) Is it sufficient to provide them 
during the tutoring process? or (3) Are they more valuable when made freely available? 
 
This PAR cycle has utilized three separate control groups to answer the above questions. 
The effect of Knowledge Assets is evaluated as follows: 
1. The 2016 group of students were not provided with any Knowledge Assets 
during the semester. All learning was based on tutor-based dialogue. 
2. The 2017 group of students were provided with access to the relevant knowledge 
asset during each individual tutor-based dialogue. 
3. The 2018 group of students were provided access to all the Knowledge Assets 
at the start of the semester. Tutor-based dialogue was then conducted on each 
DiVOM topic. 
The data from these three control groups is presented, analysed, and discussed over the 
following sections.  
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4.2.3.2  Presentation and Analysis of Data  
The 2016 students’ self-assessment of their understanding of the DiVOM attributes is 
contained in Figure 41. These students were not provided with the Requirements Guides 
and on average felt that they understood a mere 31% of the attributes at the end of 
Semester 1, eventually rising to 70% at the end of Semester 3. 
 
 
Figure 41: Average % Understanding 2016 Academic Year (Author) 
 
The students in the 2017 and 2018 Academic years were provided with access to the 
Requirements Guides and requested to complete their DiVOM workbook in the same 
fashion as the 2016 students. The average percentage understanding of the students at 
the end of Semester 1 and 2 are collated in Figure 42 (2018, Semester 2 results not 
available yet). 
 
It can be observed that the 2016 student’s self-assessment is dramatically lower than 
the other students who had access to the Requirements Guides in 2017 and 2018. The 
personality types and relevant Industrial experience of the 2016 students was compared 
to the 2017 and 2018 student’s but no significant variation could be identified. Thus, it 
is reasonable to conclude that the variation is due to the availability of Knowledge 
Assets. 
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A significant variation can also be observed between the 2017 and 2018 students at the 
end of Semester 1. This variation may be partially attributed to the fact that the 2017 
class had some weaker students who failed many subjects, while the 2018 class had 
several very strong students, who achieved first class honours Degree awards. The 
personality types and relevant Industrial experience of the 2017 learners were compared 
with the 2018 learners, but no conclusive correlation or causation could be found. There 
may be other factors at play, but none could be definitively identified. It is possible that 
having access to the Knowledge Assets prior to the tutor-based dialog improved the 
learner’s perception of their understanding but this cannot be stated conclusively. 
 
 
Figure 42: Average % Understanding 2016, 2017 & 2018 Academic Year (Author) 
 
The fly-on-the wall observations conducted during this PAR Cycle did not produce any 
hard data, but they did provide two extremely valuable insights to potential accuracy 
issues for learners. These insights are discussed in detail in Section 4.2.3.3. 
4.2.3.3  Discussion of Results  
On reflection, the necessity for Requirements Guides is not at all surprising. Armed 
with a good dictionary a novice reader is not afraid to read a document, even if they are 
not fully fluent with the language. They may not be quite as fast as others, but they are 
never intimidated. As they practice, their familiarity with the terms, speed of use, and 
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accuracy increases. Even if they forget a word, there is a safety net. The formal structure 
of Requirements Guides makes them more than just dictionaries of the relevant topics; 
they are human and machine-readable Ontologies. They have been collated by experts 
to facilitate just-in-time knowledge for others based on domain specific terminology, 
which are the real steps on the ladder that users can climb, to transition from the low 
floor to the high ceiling. How fast users progress, or how high they climb is totally up 
to them and their own specific personal priorities. Samuel Johnson, the famous 
lexicographer summarised this phenomenon in 1775 with Knowledge is of two kinds. 
We know a subject ourselves, or we know where we can find information upon it 
(Boswell, 1775).  
 
The just-in-time Knowledge Assets required for the Metric\Component grouping 
mechanism, developed in Table 25, on Page 91, of the I4.0-EPP domain, can be 
comprehensively addressed with a volume of fifteen Requirements Guides. It is worth 
reiterating that the Low Floor, Ladder & High Ceiling Design for the I4.0-EPP, defined 
in Table 26 on Page 94, has been designed to be generic in nature, and can be easily 
applied in other domains which significantly increases the potential impact of this 
valuable contribution. 
 
This PAR Cycle demonstrates the value which can be derived from experts providing 
concise Knowledge Assets (in the form of Requirements Guides) which facilitates self-
paced learning, and rapidly reassures (approximately 40 hours of study) Novices that 
they could understand the topics refenced by the DiVOM attributes. When these 
Requirements Guides are supplemented with a tutor-based dialogue, the Novice can 
increase their understanding so that they become Proficient in the topic. If they 
demonstrate that their comprehension of the topic is accurate, they will have progressed 
to an Independent status. From there the route to Advanced and Expert is a natural 
progression over time (Engineers Ireland, 2012). This exciting approach has the ability 
not only to deliver the required low floor & high ceiling, but also a robust ladder with 
standardised steps, which supports the users to competently traverse the levels. This 
optimized method of knowledge transfer also enables Practitioners to climb the DiVOM 
ladder at the speed of Business as opposed the speed of Academia, outlined in Section 
2.1.2 on Page 29.  
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The fly-on-the wall observations conducted during this PAR Cycle provided two 
extremely valuable insights to potential accuracy issues for learners as discussed below. 
 
The first insight was that recollection has the potential to negatively affect accuracy. It 
was observed that learners like to take notes about attributes at different times 
throughout the semester and year. As their understanding increases, they frequently 
revisit, and occasionally change the original status which they assigned to an attribute. 
Users cannot realistically be expected to remember every design choice which they have 
made, over a prolonged period. The next iteration of tools will require specific features 
which enable users to take notes for each attribute, thus reducing the inherent 
dependence on recollection. The issue of recollection was not observed during the initial 
cycle of testing because the researcher’s familiarity facilitated completion of an OSE 
Rating during a single day. By contrast, the learners during this cycle had to revisit the 
attributes many times over a full calendar year. The feature to take notes has inherent 
value, even when recollection is not an issue, because an audit trail is created of the 
design choices, which supports submissions to Regulatory Authorities. 
 
The second insight focussed on the process of making a design choice. It was observed 
that many learners appear to assume every requirement must be met, in every situation, 
before an attribute can be regarded as OK. A deeper review revealed that this behaviour 
appears to be linked to relevant Industrial experience. Learners with no Industrial 
experience viewed the requirements and attributes as very black or white. Learners with 
more experience were willing to defend a personal design choice. They were willing to 
evaluate the importance of the requirement to their specific instance; they saw many 
shades of grey. This phenomenon appeared to extend to the scoring of the DiVOM 
components as well. Learners with less experience assigned a score based on the first 
attribute which was not met, while more experienced learners were willing to defend a 
design choice and take a more pragmatic approach to the scoring. The fact that these 
tools will be utilized by skilled I3.0-EPP Practitioners, as opposed to inexperienced 
graduates, does not adequately mitigate the inherent risk of variability. There is no 
guarantee that skilled I3.0-EPP Practitioners will not view these unfamiliar I4.0 
technologies through an equally black or white lens. Thus, the next iteration of tools 
will require specific features to cater for these observed sources of variation. 
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4.2.4  Evaluation 
Section 4.1.4.1 on Page 115, has highlighted the requirement for a robust method to 
rapidly upskill I3.0-EPP Practitioners, before it is feasible for them to utilize the 
DiVOM technique and the OSE Calculator tool to manage I4.0-EPPs, in the Irish Life 
Sciences Sector. This PAR Cycle clearly demonstrates that specialized Knowledge 
Assets, and self-paced learning combined with tutor-based dialogue, can enable the 
practice of just-in-time-knowledge, which DiVOM topics require. It also identified 
specific factors which should be considered when conducting Action Research with 
graduates. Both perspectives are explored in greater detail over the following sections. 
4.2.4.1  Evaluation of Change in Practice  
The practice of Subject Matter Experts (SMEs) publishing detailed requirements on 
specialized topics, to serve as Knowledge Assets for others, is not new. It is actively 
promoted in the Life Sciences Sector by the International Society of Pharmaceutical 
Engineering (ISPE), in the form of Guidance Documents (GD) and Good Practice 
Guides (GPGs). However, no such practice currently exists in the I3.0 mechatronic or 
I4.0 equipment domain. Initial sponsorship is required for the creation of Requirements 
Guides, but the feedback from the SMEs was very positive. They liked the structured 
approach and found it very familiar. They estimated that it took on average 40 hours to 
create a Requirements Guide, but this estimate will be highly dependent on the expertise 
level of the author. The students requested to have the Requirements Guides at least two 
weeks before the tutor-based dialogue. They stated that much more value can be derived 
from the tutor-based dialogue when they had reviewed, researched, and considered the 
content of the Requirements Guides beforehand; they wanted to flip the classroom 
(Kahn Academy, 2019). 
 
This PAR Cycle provides a strong justification for the Irish Life Sciences Sector to pro-
actively invest in the process of Expert Practitioners providing just-in-time Knowledge 
Assets, in the form of Requirements Guides, organized by topic. Consolidating these 
topics in Communities of Practice (CoPs) will provide robust Social Systems and 
Communication Channels essential for the rapid diffusion of I4.0 innovations, as 
outlined in Section 2.4 on Page 33. This all-inclusive, low-floor and high-ceiling 
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approach can deliver the I4.0 – Equipment centric ecosystem, outlined in Figure 6, on 
Page 16. Such an ecosystem will be capable of rapidly upskilling existing I3.0-EPP 
Practitioners, while shaping the development of the emerging I4.0 Equipment Systems 
Engineering occupation, defined in Figure 37 on Page 106. 
4.2.4.2  Evaluation of Research  
This PAR Cycle has revealed many important factors when performing Participatory 
Action Research (PAR) with students. As outlined in section 4.2.3.1 co-option was 
selected as the method of participation for this PAR Cycle. I4.0-EPP graduates were 
provided with highly qualified tutoring and state of the art Knowledge Assets from I4.0 
Subject Matter Experts (SMEs), while the I4.0-EPP researcher had the opportunity to 
observe the knowledge transfer process, with anonymised, voluntary participants. 
 
The co-option method of participation was the correct choice for this research, resulting 
in significant enhancements to the design of the tools and Knowledge Assets. 
Nevertheless, it is not an ideal method in every situation and could in extreme cases 
produce inaccurate results. Some students openly declared that they had only ever 
experienced a compulsion form of engagement (Tripp, 2005) with a teacher or lecturer. 
These students appeared to be trying to find the right answer as opposed to just learning. 
Even though it was highlighted that there was no right or wrong answer. and it had no 
influence on their grades, they were unfortunately trapped in a fixed mindset (Dweck, 
2015). Other students who had been afforded the benefit of a co-operation level of 
participation (Tripp, 2005) with a tutor, had an open mindset and simply enjoyed the 
learning. Thus, it is extremely likely that there will be bias in the results contained in 
Figure 42. Said bias is not relevant during this PAR Cycle because the learners are self-
assessing their understanding, but it would have significant implications if the 
researcher were assuming that the results were accurate. A separate experiment will be 
required, in the next PAR Cycle, to evaluate the absolute accuracy which the learners 
can achieve with the DiVOM technique and OSE Calculator tool.  
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4.3 Achieving Accurate Results with the OSE Calculator Tool 
The second PAR Cycle, outlined in Section 4.2, on Page 117, developed a methodology 
for the creation of Knowledge Assets, in the form of Requirements Guides. This 
methodology was tested and found to successfully provide just-in-time knowledge for 
DiVOM topics, which virtually eliminates the intimidation factor identified during the 
first PAR Cycle. Nevertheless, it cannot be inferred from the learner’s self-assessment 
of their understanding of DiVOM topics that they will be able to deliver accurate OSE 
Ratings on I4.0 manufacturing equipment. This PAR Cycle must conclusively 
determine if accurate OSE Ratings can be achieved, by a representative spectrum of 
users, when evaluating I4.0 equipment. It must remain focussed on the accuracy of the 
KPI’s and Metrics which this study has developed to support the I4.0-EPP. Thus, it will 
only consider the DigitIZAtion part of the Digital Transformation Workflow as depicted 
in Table 35. The User Story and DigitALIZAtion components, depicted in detail in Table 
27, on Page 101, will not be considered as part of this PAR Cycle, because their purpose 
is merely to inform the I4.0-EPP. They are not components of any individual instance 
of an I4.0-EPP. 
 
 
Table 35: DigitIZAtion Part of the Digital Transformation Workflow (Author) 
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4.3.1  Planning 
Section 4.1.4.2, on Page116, clearly highlighted that I3.0-EPP Practitioners are 
extremely time constrained. They could not reasonably be expected to facilitate an 
Industrial based accuracy experiment of OSE; thus, it must be conducted in an 
Academic setting. The Academic setting constraint raises two significant challenges for 
this PAR Cycle (1) the conventional Academic student population cannot be regarded 
as a representative sample of users, because it does not include I3.0-EPP Practitioners, 
and (2) Academic environments do not have suitable I4.0 equipment for such an 
experiment. A third issue (3) was identified in Section 4.2.3.3 on Page 125, whereby 
changes are required to the OSE Workbook to improve its accuracy. All three of these 
issues have been comprehensively addressed in the following sub-sections. 
4.3.1.1  Representative Sample of Users  
Several students from the 2018 class of the MEng in Mechatronics at the University of 
Limerick, volunteered to participate as a sample group for this PAR Cycle. During their 
First Lecture, at the start of Semester 1, this sample group was provided with a 
Competencies Plan document, as outlined in Appendix B. Each learner used the 
Competencies Plan to voluntarily declare their relative competencies, in the four most 
relevant ESE topics for this experiment (Controls, OT, Software Test and I4-EPP). The 
learners defined their actual Competency Levels (1 = Novice, 2 = Proficient, 3 = 
Independent, 4 = Advanced and 5 = Expert) (Engineers Ireland, 2012) in these four ESE 
topics, resulting in a maximum competency level of 20. 
 
The Competencies Plan document enabled the learners to estimate their competencies 
at four different distinct phases of their development. The learners estimated their 
competency level when they enrolled (Enrolled) and after their First Lecture (First 
Lecture), when they had been introduced to a standard method of measurement 
(Engineers Ireland, 2012). The learners were also asked to provide an insight into their 
personal development objectives, by estimating their planned competency levels on 
completion of the MEng (MEng), and after 3 years’ experience (MEng+3).  
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An initial review of the Competency Plan data highlighted that 5 participants had no 
Industrial experience, 5 more had between 1 and 6 years relevant Industrial experience, 
while the remaining 3 participants had worked for more than 20 years as I3.0-EPP 
Practitioners. These I3.0-EPP Practitioners had enrolled on the MEng to upskill and 
learn I4.0 technologies. Their presence in this sample group dramatically increases both 
the relevance and validity of the data produced during this PAR Cycle. 
 
A more detailed review of the data from the Competency Roadmaps has been 
summarized in Figure 43 and Figure 44. The most significant findings from this review 
have been explained in the subsequent text. 
 
Figure 43: Competency Roadmap for Participants < 3 Years’ Experience (Author) 
 
The participants grouped in Figure 43 (Participants 1 to 8) have <= 3 years’ experience. 
After the First Lecture, most of the participants have estimated their competencies in 
the Novice to Proficient range. Participant 8 was the only participant who adjusted their 
competency downwards after the First Lecture (when they were provided with a 
standard method of measuring competency (Engineers Ireland, 2012)). Most of the 
participants intend to significantly increase their competency levels after they complete 
the MEng, which appears to indicate a high level of interest in these ESE topics. There 
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is some variation in the learners’ expectations of their competence level upon 
completion of the MEng, but that is to be expected.  
 
Figure 44: Competency Roadmap for Participants > 3 Years’ Experience (Author) 
Most of the participants grouped in Figure 44 (Participant 9 to 13) have >= 6 years’ 
experience, with the noted exception of Participant 9 who has only 3 years’ experience. 
Participant 9 is an unexplainable but noteworthy anomaly. Participant 9 only has 3 
years’ experience but still estimates their competency levels at Advanced and Expert 
across all four topics. Participant 9’s competency roadmap should have approximated 
Participant 8’s in  Figure 43. Participant 9’s motivations for claiming such extraordinary 
levels of competence could not be determined. 
 
Except for Participant 12 the practitioner’s estimation of their competence appears to 
be linked to their number of years Industrial experience. It is important to note that all 
the other participants in this group, as with Participant 8 in the previous group, reduced 
their estimation of competencies after they were provided with a standard method of 
measurement (Engineers Ireland, 2012). Upon further examination it appears that 
Industrial Practitioners assign the words Advanced and Expert in an ad-hoc fashion 
based on experience. They do not routinely include the Community of Practice (CoP) 
centric deliverables endorsed by (Engineers Ireland, 2012). From the analysis of the 
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participants contained in Figure 43 and Figure 44 it can be concluded that even though 
an individual’s estimation of their competency levels is valuable, and can provide useful 
insights, it remains quite a coarse instrument which needs calibration with an exact 
definition (Engineers Ireland, 2012)), before it can be considered as useful. But even 
then, it cannot be regarded as 100% reliable and caution should be exercised. 
 
This review of the sample group concludes that Participant 9 should be considered as 
an anomaly. Thus, the data created by this experiment should be separately analysed in 
two different control groups as follows: 
1. Very Experienced Learners with >= 10 years’ experience (consisting of 
Participants 11 through to 13)  
2. Less Experienced Learners with < 10 years’ experience (consisting of 
Participant 1 through to 10) 
4.3.1.2  I4.0 Equipment for an Academic Environment 
Ireland’s National Industry 4.0 (I4.0) Strategy (DBEI, 2019) is committed to investing 
significant resources to support the knowledge generation, diffusion, and absorption 
(IfM, 2018) stages of innovation. These ambitious targets will require much more than 
just equipment in isolation; it will require an End-to-End Demonstration of the 
Comprehensive Digital Transformation Workflow, which has been defined in Table 27, 
on Page 101. This End-to-End Demonstration must start by defining a Digital User 
Story, which provides a viable Digital Business model (ALIZA), and informs the 
Industry 4.0 Equipment Procurement Process (I4.0-EPP), to ensure that the equipment 
has an appropriate level of integration into an Industry 4.0 Digitally Connected Supply 
Chain Network (I4.0-DCSCN), 
 
To support this PAR Cycle, The ESE Academy, under the brand of E-Cubers, has 
invested in researching and developing such a demonstrator, which has been named The 
E-Cubers Digital Transformation Demonstrator. The design of this demonstrator will 
be made freely available, for the overall benefit of the Irish Life Sciences Sector, as it 
endeavours to deliver Ireland’s National Industry 4.0 (I4.0) Strategy (DBEI, 2019). It 
will provide an I4.0 platform which turns the theory into practice, thus pro-actively 
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addressing the issue of balancing the I4.0 Three-legged Stool, initially highlighted in 
Section 1.3.3 on Page 19.  
 
The E-Cubers Digital Transformation Demonstrator, as explained in Table 36, was 
created by applying the Comprehensive Digital Transformation Workflow, outlined in 
Table 27 on Page 101, to a sample use case. The User Story (1) was applied to a Rubik’s 
Cube (2), to define the Digital Business Model (3). The Forms of Key Technologies 
capable of supporting the required Manufacturing Futures (4) were identified, and the 
resultant effect on the Scorecards and I4.0-EPP (5) were estimated. 
 
 
   Rubik’s Cube Product 
   STRENGTHS OPPORTUNITIES 
 
• Any configuration of product 
• Multiple delivery options 
• 100% Quality Assured 
 
  
 • No raw materials 




• Human readable 
• Robust product 
• Complex logical sequence 
• Easy to handle 
• Low energy requirements 
• No consumables 
• I4.0 Digital Supply Chain (I4.0-DSC) 
Demonstrator 
• I4.0-DSC Platform which can evolve & 
support dynamic CoPs 
• Equipment in Distribution Centre, 
Logistics Partner and/or End User Site 
• Demonstrates Batch Size 1, RTRT and 
End 2 End Track & Trace 
• Demonstrates the Digital Twin & 
Digital Thread 
• Comparison of TPs, Sis & OEE 
     
     
Product Configuration Standard Any Any Any 
Delivery Time (Hours) < 120 < 48 < 4 < 1 
Revenue Standard + 20% + 50% + 100% 







Key Technology Forms 
As Is Equipment 
based Batch 
Size 1, RTRT, 
Track & Trace 
Equipment 
based Batch 
Size 1, RTRT, 
Track & Trace 
Equipment 
based Batch 
Size 1, RTRT, 
Track & Trace 
I4.0-PS Score As Is → 100% → 100% → 100% 
I4.0-ES Score As Is → 100% → 100% → 100% 
DiVOM Score As Is → 100% → 100% → 100% 
OSE Score As Is → 100% → 100% → 100% 
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The Rubik’s Cube (2) is a familiar, commercially available, low cost, re-usable product, 
with significant strengths and opportunities for this demonstrator. Its primary strength 
lies in the fact that it has only one current state, and more than 3 billion potential 
configurations (Televisionarchives, 2008), all of which are achievable through simple 
mechanical manipulation. It can be infinitely customized to the customer’s desired 
configuration. There is a risk that the Life Sciences Sector may not be able to translate 
such configurable features into their specific product, but that is well beyond the scope 
of this demonstrator, and a challenge which rests with their product designers. 
 
The User Story (1) and Digital Business Model (3) outlined in Table 36 demand 
extremely short delivery times, which will only be possible when the equipment can be 
physically located anywhere on the supply chain. All the potential futures for I4.0 
equipment, defined in Table 16 on Page 73, must be catered for with this demonstrator. 
 
The I4.0-EPP (5) utilized in this demonstrator must leverage the Reference 
Architectural Model Industrie 4.0 (RAMI4.0) (Platform Industrie 4.0, 2018), as 
illustrated in Figure 18 on Page 49, to demonstrate a  Product (5), processed by Stations 
and Workstations (7), performing Batch Control (IEC-61512-1, 1997) (4), integrated 
into a Digital Enterprise (IEC-62264-1, 2013) (3) as part of a secure (ISA-62443-1-1, 
2007) Connected World (6). 
4.3.1.2.1 The E-Cubers I4.0 Rubik’s Cube Manipulator Station 
As part of this PAR Cycle the researcher obtained sponsorship for the control 
technology, and mentored the MEng in Mechatronics students to design, construct and 
Functionally Acceptance Test (FAT) an E-Cubers I4.0 Rubik’s Cube Manipulator 
Station, over the three semesters of the 2016 Academic year. A 3D model of the 
resultant E-Cubers I4.0 Rubik’s Cube Manipulator Station is shown in Figure 45. The 
electric actuators are controlled by SMC Ethernet/IP Servo Motor Controllers (1), the 
network is managed by an Allen Bradley Stratix Industrial Ethernet Switch (2), the 
equipment is controlled by an Allen Bradley Compact Guard Logix Controller (3), 
while the inspection process is performed by Cognex Insight Vision System (4). 
Utilizing these state-of-the-art, Industrial ethernet centric components has enabled the 
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creation of a realistic Industrial I4.0 manufacturing station, capable of being integrated 
into the I4.0-DCSCN, at any physical location on the Supply Chain. 
 
Figure 45: E-Cubers I4.0 Rubik’s Cube Manipulator Station  (O'Connor, 2017), (Author)  
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4.3.1.2.2 The E-Cubers I4.0 Work Centre 
The E-Cubers I4.0 Work Centre concept is based on a standard shipping container, as 
outlined in Figure 46. This work centre can be configured to contain various stations, 
capable of performing many process steps (e.g., 3D Printing, Assembly, Inspection, 
Manipulation, etc.). Such a work centre can be either mobile, or in a fixed location 
anywhere on the supply chain. All they require is a reliable power source and internet 
connection. They are capable of demonstrating the new Digital Make function with 
equipment processing a Batch Size 1 (McKinzie, 2015), and providing Real Time 
Release Testing (RTRT) (EMA, 2012),  combined with global Serialized Track & Trace 
(ISPE, 2018), as specified in Section 1.2.3 on Page 10; they are truly disruptive. 
 
Figure 46: E-Cubers I4.0 Work Centre (Author) 
4.3.1.2.3 The E-Cubers Operational Technology (OT) Platform 
The E-Cubers Operational Technology (OT) Platform has been designed based on 
VMWare’s ESXi Hypervisor, as recommended by both (SIEMENS, 2018) and 
(Rockwell, 2019). The hypervisor is the virtualization layer on top of which Virtual 
Machines (VMs) run. Premium OT providers such as (SIEMENS, 2018) and (Rockwell, 
2019) provide pre-validated, VM Templates for key functions in an enterprise 
architecture, as depicted in Figure 47. VMWare’s Server and Client based 
virtualization, outlined in Figure 48, facilitates an unprecedented level of knowledge 
sharing of best working Operational Technology (OT) practices, by E-Cubers 
collaborating in Communities of Practice (CoPs).   
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Figure 48: VMWare Server and Client Based Virtualization (SIEMENS, 2018) 
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4.3.1.3  Optimising the OSE Workbook to Improve Accuracy  
The fly-on-the wall observations conducted during the second PAR Cycle, as explained 
in Section 4.2.3.3 on Page 125, highlighted valuable opportunities to reduce variance 
by incorporating the following features into the DiVOM Workbook: 
1. A location where users can record notes for each attribute. This will reduce the 
inherent dependence on recollection observed with the OSE Calculator Tool. 
2. A location where users can record design choices for the status of each attribute. 
This will allow the user to define an attribute as OK even if is not 100% complied 
with. 
3. A procedure which assists users to take a pragmatic, as opposed to overly 
pessimistic, or optimistic, approach to scoring the DiVOM component. This 
procedure should help to reduce the variability observed with the OSE Ratings. 
 
The DiVOM Workbook depicted in Figure 40, on Page 122, was updated with the above 
key features and renamed to The DiVOM & OSE Workbook, which has been 
comprehensively described in Appendix C. Each of the I, V, O and M metrics were 
assigned a separate worksheet, an example of which is shown in Figure 49. The features 
were implemented as follows: 
1. A simple Comments column was added for the recording of notes 
2. It was observed that experts frequently leverage their experience to evaluate the 
percentage compliance for an attribute and then make a judgement of whether 
the Status is OK or not. In this example 100% is required for some attributes 
(A), 25% is adequate for another (B) but 75% is insufficient for a third (C). Each 
attribute must be evaluated independently, and the status justified. 
3. Many experts intuitively utilise a Three Point Estimation (TPE) process (Project 
Management Institute Inc., 2013), based on Best-Case, Worst-Case, and Most 
Likely, options to determine the overall score for a component. In this example 
there is an issue with one attribute (C). If this issue became critical it could result 
in a Worst-Case score of five, but a Best-Case score of ten could be achieved if 
the issue were overcome. This TPE feature allows the user to exercise their 
judgement and estimate a Most Likely score for the overall Metric\Component. 
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Figure 49: The DiVOM & OSE Workbook – Validation Metric (Author)  
The DiVOM & OSE Workbook, outlined in Figure 49, has the potential to significantly 
improve the process of performing an OSE Rating. It has succeeded in converting a tacit 
skill into a codified, explicit procedure. This procedure should help to reduce the 
variation in OSE Rating due to the user’s level of relevant Industrial experience, 
observed in Section 4.2.3.3, on Page 125. 
4.3.2  Implementation 
Voluntary participants from the 2018 class of the MEng in Mechatronics, at the 
University of Limerick, provided the sample group and control groups for this PAR 
Cycle, as outlined in Section 4.3.1.1, on Page 131. The E-Cubers I4.0 Rubik’s Cube 
Manipulator Station, described in Section 4.3.1.2.1 on Page 136, was utilized as the 
target system, while The E-Cubers Operational Technology (OT) Platform, explained 
in Section 4.3.1.2.3 on Page 138, provided the infrastructure for the target system to 
interface with an E-Cubers Industry 4.0 Digitally Connected Supply Chain Network 
(I4.0-DCSCN),  
 
As with the two previous PAR Cycles, a co-option (when a researcher persuades 
someone (to choose) to help them with their research, the co-opted person in effect 
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agreeing to provide a service to the researcher (Tripp, 2005)) method of participation 
was deemed the most appropriate. The students were willing, voluntary, anonymous 
participants. Students were provided with reassurance that their submissions during this 
experiment would be anonymised and would not be used for Academic grading. It is 
hoped, but it can never be guaranteed, that this reassurance would reduce the effect of 
bias, based on students selecting what they perceived as the researcher’s desired 
answer.  
 
The sample group completed their DiVOM Novice training during Semester 1, where 
they were introduced to both low-cost (IoT, Raspberry Pi, Pixhawk), and high-cost 
(Rockwell PLC, networks, and OT applications) I4.0 technologies. They were also 
introduced to the target system utilized for this experiment, but only as an example of 
the technologies and how they are integrated into a I4.0-DCSCN. The EPP of the target 
system was not explored in detail with the sample group during Semester 1. 
 
At the end of Semester 1 all the students on the MEng course were offered the 
opportunity to voluntarily participate in this accuracy experiment. The students were 
not provided with any prior notice of the experiment, which should eliminate any 
influence from pre-experiment research or collaboration. Twelve students (75% of the 
class) and the researcher volunteered to participate and form the sample group. The 
sample group was allowed four hours to complete the task of individually applying the 
DiVOM technique to perform an OSE Rating on the target system. 
 
The sample group were provided with a DiVOM & OSE Workbook, which had been 
optimized to improve the accuracy as outlined in Section 4.3.1.3, on Page 140. They 
also had access to all the Requirements Guides to remove recollection as a potential 
source of inaccuracy. Communication or collaboration were not permitted during this 
experiment so that each individual submission could be subsequently analysed to 
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Four significant factors were identified which could potentially impact the accuracy of 
the OSE Rating, generated by the sample group, for the target system, during this PAR 
Cycle. An analysis of these factors, by each of the D, I, V, O and M metrics is contained 
in Table 37, and discussed in the subsequent text. Colour coded visual aid semaphores, 
as initially defined in Section 2.4.3 on Page 41, have been applied to Table 37. The 
colour coding of green = optimal, orange = marginal, red = sub-optimal, rapidly 













D Medium Requirements Guides Simple Stated 
I Medium Requirements Guides Medium Stated 
V High Requirements Guides Complex Not Stated 
O Medium Requirements Guides Medium Not Stated 
M Medium Requirements Guides Medium Not Stated 
 
Table 37: Potentially Significant Factors (Author) 
 
1. Experience / Competence will undoubtedly affect any participant’s ability to 
produce accurate ratings. The analysis of the sample group conducted in Section 
4.3.1.1, on Page 131, defined two control groups based on competence. This 
experiment will endeavour to quantify the effect which competence can have on 
the accuracy of the results. 
2. Complex Terminology would have a significant influence if participants were 
expected to recall every term. This risk has been mitigated by providing all 
participants with access to the Requirements Guides, during the experiment. 
3. Attribute Interdependency is not equal amongst all metrics. If the attributes, 
such as those found in the V metric, are highly dependent on each other, it is 
unlikely that a participant with limited experience will be able to accurately 
evaluate the component score. This experiment will attempt to quantify the 
effect which attribute interdependency can have on the accuracy of the results. 
1 2 3 4 
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4. Background Information may prove to be an important factor for an accurate 
OSE Rating because every project, piece of equipment and organization is 
different. The validity of this experiment would be compromised if too much 
information was provided because it could prompt participants with the answer. 
To that end the only information which was shared with the participants was: 
a. The OSE Rating is a key metric for this project and should be regarded 
of equal importance to OEE. 
b. A significant, but not unlimited, budget has been allocated for the OSE. 
c. Minor impacts to schedule are acceptable if they significantly improve 
the OSE Rating. Major schedule overruns are unacceptable. 
d. The equipment must achieve the highest Integration score which is both 
technically feasible and financially viable for this I4.0-EPP. 
This PAR Cycle assumed that making more background information available 
would help to improve the accuracy of the results, but a separate experiment 
would be required, as part of future research, to fully quantify the effect. 
4.3.3  Research Report  
This research report starts by providing a brief rationale for the method of data 
production utilized during this cycle of Participatory Action Research (PAR). As with 
all the previous PAR Cycles, the collected voluntary data was anonymised before it was 
presented for analysis, to comply with the ethics approval outlined in Section 2.6.4 on 
Page 64. This report concludes with a discussion of the results, and endeavours to 
provide an explanation of the implications of the findings. These findings have been 
used to ascertain if the third and final research goal, defined in Section 1.3.2 on Page 
19, has been adequately met.  
4.3.3.1  Rationale for Method of Data Production  
This experiment must produce data which provides a valid insight into the accuracy of 
the DiVOM Technique and OSE Calculator Tool as part of the Industry 4.0 Equipment 
Procurement Process (I4.0-EPP). It will start by selecting an appropriate definition of 
terms which informs the method of data production. 
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The Joint Committee for Guides in Metrology (BPIM JCGM 200, 2008) defines 
measurement accuracy as closeness of agreement between a measured quantity value 
and a true quantity value of a measurand, but it also states that the term measurement 
accuracy should not be used for measurement trueness, and the term measurement 
precision should not be used for ‘measurement accuracy’, which, however, is related 
to both these concepts. They proceed to explain that measurement trueness refers to 
the closeness of agreement between the average of an infinite number of replicate 
measured quantity values and a reference quantity value, while measurement precision 
is the closeness of agreement between indications or measured quantity values obtained 
by replicate measurements, on the same or similar objects, under specified conditions. 
Measurement trueness is not a quantity and as such cannot be expressed numerically, 
while measurement precision is usually expressed numerically by measures of 
imprecision, such as standard deviation, variance, or coefficient of variation under the 
specified conditions of measurement. The ‘specified conditions’ can be, for example, 
repeatability conditions of measurement, intermediate precision conditions of 
measurement, or reproducibility conditions of measurement (BPIM JCGM 200, 2008),  
(ISO 5725-1, 1994). These definitions of accuracy, trueness and precision can be 
expressed very effectively in the graphical format outlined in Figure 50.  
   
Accuracy consists of trueness (proximity of 
measurement results to the true value) and 
precision (repeatability or reproducibility of the 
measurement) 
Low accuracy 
due to poor 
trueness 
Low accuracy 
due to poor 
precision 
Figure 50: Accuracy, Trueness and Precision (ISO 5725-1, 1994) 
 
The exact definitions in terms of the ‘specified conditions’ (BPIM JCGM 200, 2008) 
outline the repeatability condition of measurement, out of a set of conditions that 
includes the same measurement procedure, same operators, same measuring system, 
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same operating conditions and same location, and replicate measurements on the same 
or similar objects over a short period of time,  while the reproducibility condition of 
measurement, out of a set of conditions that includes different locations, operators, 
measuring systems, and replicate measurements on the same or similar objects. 
 
These comprehensive accuracy definitions have been utilized to specify the method of 
data production for this PAR Cycle as follows: 
1. This experiment meets the requirements to test reproducibility, but it will not be 
testing repeatability, because the measurement will only be taken once. 
2. The reference value for the accuracy measurement will be provided by the 
researcher who has the highest level of competence with the technique and tools.   
3. Figure 51 utilizes sample data to illustrate how this experiment will include the 
reference value (highlighted in yellow), and variance, to emphasize 
inaccuracies due to trueness, which cannot be expressed numerically (BPIM 
JCGM 200, 2008): 
a. If the reference value is omitted from the sample data, the variance 
becomes small, and inaccuracies due to trueness would be hidden. 
b. When the reference value is included in the sample data, the variance 
becomes much larger, and inaccuracies due to trueness are emphasized. 
c. Inaccuracies due to precision remain emphasized, albeit with a slightly 
reduced variance, when the reference value is included in the sample 
data. 
d. Inaccuracies due to a combination of both trueness and precision are also 
emphasized when the reference value is included in the sample data. 
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Figure 51: Utilizing the Reference Value & Variance to Highlight Inaccuracy (Author) 
 
Based on this review of options for data production, this experiment will: 
• Utilize the researcher (Participant 13) for the Reference Value  
• Present the data in Box Whisker plots with Reference Value included, as 
outlined in Figure 51, to highlight issues with both trueness and precision 
• Separately analyse the results in two different control groups based on 
competencies and experience, as discussed in Section 4.3.1.1, on Page 131. 
1. Very Experienced Learners with >= 10 years’ experience (consisting 
of Participants 11 thorough to 13)  
2. Less Experienced Learners with < 10 years’ experience (consisting of 
Participant 1 through to 10, with Participant 13 included for the 
Reference Value) 
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4.3.3.2  Presentation and Analysis of  Data 
The data collected from the two control groups during this PAR Cycle has been 
summarized and analysed in Table 38 and Table 39. The OSE KPI, D, i, V, O & M 
Metrics and individual V, O and M components (V1, V2, V3), (O1, O2, O3), (M1, M2, 
M3), have been examined in detail and significant variances analysed. 
 
 
OSE The averaging effect of the OSE formula is a significant contributor to the low variance. 
D 
There was no variance in the D Metric, or any of its 3 components among the 13 participants of the 
complete sample group. The options for these attributes are mutually exclusive and there is virtually 
no attribute interdependency. It appears that highly repeatable results can be achieved with this metric 
when clear concise background information is provided. 
i 
There was no variance in the i Metric, or any of its 3 components among the 13 participants of the 
complete sample group. The options for these attributes are quite distinct and there is a relatively low 
attribute interdependency. It appears that highly repeatable results can be achieved with this metric 
when clear concise background information is provided. 
V 
The very experienced engineers do not appear to have any issue with this metric. There is virtually no 
variance in the components V1, V2 and V3 of this metric (which only have a resolution of 10%). 
O 
There is significant variance in the O Metric, which is primarily due to the O3 component. Upon review 
one of the more experienced engineers had misunderstood an attribute and entered an incorrect score. 
This clearly demonstrates the benefit of group scoring and/or review which would almost definitely have 
identified such an error. 
M 
The small variance in the M metric is reasonable based on the constraint regarding the lack of 
background information highlighted in Section 4.3.2, on Page 141. 
 
Table 38: Data from Control Group 1 (Very Experienced Learners) (Author) 
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OSE The averaging effect of the OSE formula is a significant contributor to the low variance. 
D 
There was no variance in the D Metric, or any of its 3 components among the 13 participants of the 
complete sample group. The options for these attributes are mutually exclusive and there is virtually no 
attribute interdependency. It appears that highly repeatable results can be achieved with this metric when 
clear concise background information is provided. 
i 
There was no variance in the i Metric, or any of its 3 components among the 13 participants of the 
complete sample group. The options for these attributes are quite distinct and there is a relatively low 
attribute interdependency. It appears that highly repeatable results can be achieved with this metric when 
clear concise background information is provided. 
V 
The less experienced engineers in this Control Group appear to struggle with this metric. The variance is 
much more pronounced in all the components because of the loss of the averaging effect 
A more detailed review of the Participants V1 Component from their DIVOM & OSE Workbook is contained 
in Table 40. It shows that as expected, the less experienced engineers struggle with the complex 
interdependencies which exist amongst the attributes in the Validation components. The very experienced 
engineers appear to be able to deal with these complex interdependencies.  Table 40 also reveals an 
unexpected benefit of the DIVOM & OSE Workbook. It appears that even inexperienced engineers know 
that they do not know how to accurately score an attribute. They are willing to document this issue by 
entering a low value in the understanding column.  
A more detailed review of the Participants V3 Component from their DIVOM & OSE Workbook is contained 
in Table 41. The V3 Component demonstrates a significant outlier amongst the less experienced 
engineers. This engineer was also willing to document the issue by entering a low value in the 
understanding column. It appears that a low value in the understanding column for an attribute is a 
significant indicator of variance. 
O O1 & O3 exhibited similar characteristics to V1. 
M M1 & M3 exhibited similar characteristics to V1. 
 
Table 39: Data from Control Group 2 (Less Experienced Learners) (Author) 
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10 25% N/A N/A OK
09 75% N/A N/A OK
08 75% Applicable 25% OK
07 50% Applicable 25% OK
06 25% N/A N/A OK
05 100% N/A N/A OK
04 100% N/A N/A OK
03 50% Applicable 100% OK
02 75% Applicable 50% OK
01 75% Applicable 50% OK
10 75% N/A N/A Not OK
09 75% Applicable 50% OK
08 75% Applicable 50% OK
07 75% N/A N/A Not OK
06 25% N/A N/A Not OK
05 50% N/A N/A Not OK
04 50% N/A N/A Not OK
03 100% Applicable 75% OK
02 75% Applicable 25% OK
01 100% Applicable 25% OK
10 100% N/A N/A OK
09 50% N/A N/A OK
08 50% N/A N/A OK
07 25% N/A N/A OK
06 25% N/A N/A OK
05 50% N/A N/A OK
04 50% N/A N/A OK
03 50% Applicable 100% OK
02 75% Applicable 100% OK
01 75% Applicable 100% OK
10 100% Applicable 100% OK
09 100% Applicable 100% OK
08 100% Applicable 100% OK
07 100% Applicable 100% OK
06 100% Applicable 100% OK
05 100% N/A N/A OK
04 100% N/A N/A OK
03 100% Applicable 75% OK
02 100% Applicable 100% OK
01 100% Applicable 100% OK
10 100% Applicable 50% OK
09 100% Applicable 100% OK
08 100% N/A N/A OK
07 100% Applicable 100% OK
06 100% Applicable 100% OK
05 100% N/A N/A OK
04 100% N/A N/A OK
03 100% Applicable 100% OK
02 100% Applicable 100% OK
01 100% Applicable 1 OK
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10 75% Applicable 50% OK
09 75% Applicable 75% Not OK
08 75% Applicable 75% OK
07 75% Applicable 75% OK
06 50% Applicable 25% Not OK
05 100% Applicable 75% OK
04 75% Applicable 75% OK
03 75% Applicable 75% OK
02 100% Applicable 50% Not OK
01 100% Applicable 100% OK
10 100% Applicable 50% Not OK
09 100% Applicable 75% OK
08 100% Applicable 100% OK
07 100% Applicable 100% OK
06 100% Applicable 100% OK
05 100% Applicable 100% OK
04 100% Applicable 100% OK
03 100% Applicable 100% OK
02 100% Applicable 100% OK
01 100% Applicable 100% OK
10 100% Not Applicable N/A OK
09 100% Not Applicable N/A OK
08 100% Applicable 75% OK
07 100% Applicable 75% OK
06 100% Applicable 100% OK
05 100% Applicable 100% OK
04 100% Applicable 75% OK
03 100% Applicable 100% OK
02 100% Applicable 100% OK
01 100% Applicable 100% OK
10 100% Applicable 50% OK
09 100% Applicable 100% OK
08 100% Applicable 100% OK
07 100% Applicable 100% OK
06 100% Applicable 100% OK
05 100% Applicable 100% OK
04 100% Applicable 100% OK
03 100% Applicable 100% OK
02 100% Applicable 100% OK
01 100% Not Applicable N/A OK
13 30 17 9 10 9
12 20 7 4 8 8
11 20 10 9 9 9
2 0 7 1 8 5
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4.3.3.3  Discussion of Results  
This PAR Cycle has gone much further than just evaluating the overall accuracy of OSE 
Ratings produced by participants during a controlled experiment. Valuable insights 
have been found by utilizing variance, combined with a Reference Value set by the 
researcher, to highlight inaccuracies due to trueness as well as precision. Separating the 
sample group into control groups based on experience, facilitated a more 
comprehensive analysis of the accuracy of the DiVOM technique at metric, component, 
and attribute level. This detailed analysis has verified the assertion, from Section 4.3.2 
on Page 141, which stated it is unlikely that a participant with limited experience will 
be able to accurately evaluate the component score when there is a high attribute 
interdependency. But it has also found an unexpected solution to this source of error. 
The novel concept of users self-declaring their understanding of an attribute, in the 
DIVOM & OSE Workbook provides an insight to potential variance, as highlighted 
Table 40 and Table 41. 
 
Self-declaring your understanding of an attribute has a secondary benefit whereby it 
breaks down barriers within a group or team. It is highly unlikely that a single person 
will have a full understanding of every attribute and the complex interdependencies 
which can exist. It could be argued that self-declaration introduces a significant risk of 
personal bias. Participants could over-estimate their competence, as demonstrated by 
Participant 9, in Figure 44, on Page 133. Such personal bias would undoubtedly leave 
the self-declaration concept unsuitable in the Academic realm, but it is unlikely to affect 
the I4.0-EPP domain because the risk-reward scenario is reversed. In an Industrial 
setting the EPP practitioner is personally responsible for any declaration they make. 
Thus, they have a lot to lose (risk), but very little to gain (reward) from overestimating 
either their understanding or competence.  
 
Figure 52 illustrates how an I4.0-EPP Competency Standard can be introduced by 
leveraging the established competency levels (Engineers Ireland, 2012) (A), 
supplemented with specific I4.0-EPP characteristics (B), while retaining the focus on 
collaborating to share specialized knowledge (C).   
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Figure 52: The I4.0-EPP Competency Standard (Engineers Ireland, 2012), (Author) 
 
A key insight could be achieved at an attribute level, by combining the objective 
Competency metric, defined in Figure 52, with the subjective Understanding metric. 
This competency metric could clearly establish a hierarchical attribute specific 
knowledge level, which would proactively reduce the Intimidation Factor highlighted 
during the first PAR Cycle. It would emulate Six Sigma by providing a robust ladder 
for those who wish to rapidly traverse from the low-floor to the high-ceiling (Papert, 
1993), as outlined in Section 2.1.2, on Page 29. Users could instantly determine their 
relative competence, without any risk of intimidation. If a user is unsure of an attribute 
score, in a specific situation, they could just ask another user who is more competent. 
The resultant explanation will increase their understanding, while providing an 
extremely granular just-in-time competency practice, at an attribute level. This just-in-
time competency practice can be easily facilitated by adding an attribute level 
competency column to the DiVOM & OSE Workbook. 
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4.3.4  Evaluation 
The previous PAR Cycle has clearly demonstrated that specialized Knowledge Assets, 
and self-paced learning combined with tutor-based dialogue, can enable the practice of 
just-in-time-knowledge, which DiVOM topics require. This PAR Cycle highlights that 
just-in-time-knowledge in isolation, cannot produce highly accurate OSE Ratings. It 
clearly establishes the requirement for a much more comprehensive practice of fostering 
just-in-time-competency, ranging from the low-floor of Novice to the high-ceiling of 
Expert, as shown in Figure 52 from  It has also identified specific factors which should 
be considered while conducting a PAR Cycle to determine the accuracy of a technique 
or tool. Both perspectives are explored in greater detail in the following sections 
 
4.3.4.1  Evaluation of Change in Practice  
This PAR Cycle has met, and subsequently exceeded the requirements of Research Goal 
3. It has clearly demonstrated that accurate results can be achieved with the OSE KPI, 
D, i, V, O & M Metrics over a wide spectrum of users. It has successfully defined and 
delivered a training and certification framework, capable of emulating the innovation 
of Six Sigma which was reviewed in Section 2.1.2 on Page 29, by facilitating  technical 
staff to climb the I4.0-EPP competency ladder at the speed of Business as opposed the 
speed of Academia.  
 
The initial training & certification required to support the I4.0-EPP is defined in Figure 
53 It starts by leveraging the work done during this PAR Cycle to provide 40 hours of 
Initial Training delivered over a single Academic semester (A), culminating in an 
Individual OSE Rating on a target system which the learner is not familiar with (B). The 
learners must then utilize a Customer Interview (C) to evaluate the equipment in greater 
detail. Finally, the learners are provided with an opportunity to experience the value of 
just-in-time-competency first-hand, as they work together, to rapidly produce a 
Collaborative OSE Rating (D). The just-in-time-competency utilized during Step (D) 
will allow each individual attribute score to be set by the users with the highest 
competencies within the group. This method significantly mitigates the unrealistic 
requirement for every individual to have a high level of competency with every 
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attribute, thus improving the accuracy of the DiVOM technique & OSE Calculator Tool 
even further. 
 
Figure 53: DiVOM and OSE Initial Training & Certification Framework (Author) 
 
Upon successful completion of the DiVOM and OSE Initial Training, the learner has 
taken the first step on the I4.0-EPP competence ladder, and can be certified as Proficient 
(2) in the I4.0-EPP domain, outlined in Figure 52, on Page 153. From the Proficient 
step (2), these newly certified I4.0-EPP Practitioners can utilize the DiVOM & OSE 
Calculator Workbook and Requirements Guides to accurately measure the OSE Ratings 
of their Corporation’s equipment. They can leverage the concept of self-declaration of 
attribute level incompetence, if they are unsure of any specific attribute 
interdependencies. The facility to request support from topic experts (5), through the 
relevant Communities of Practice (CoP), mitigates any risk of intimidation due to lack 
of knowledge. This also promotes an environment which supports accurate results as 
Proficient (2) users become Independent (3). From the Independent step (3) users are 
ideally positioned to proceed to Advanced (4) and Expert (5) status by further 
developing the community’s knowledge in the specific topic of interest.  
 
Thus, a truly Radical Innovation (Henderson & Clark, 1990) has been achieved by 
migrating the practice of knowledge management to just-in-time-competency, in the 
I4.0-EPP domain for the Irish Life Sciences Sector. It has expanded on Samuel 
Johnson’s explanation that Knowledge is of two kinds. We know a subject ourselves, or 
we know where we can find information upon it (Boswell, 1775), to define I4.0 
Competence is of two kinds. We are ourselves competent in a topic, or we can utilize 
digital technologies to collaborate just-in-time with someone who is (Author, 2020).  
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4.3.4.2  Evaluation of Research  
The co-option method of participation, which was utilized for this PAR Cycle, took the 
form of an experiment analogous to an examination for the learners. During this 
experiment learners applied the DiVOM Technique to a target system and the results 
were analysed to quantify the accuracy of the technique across a spectrum of users. 
Researchers utilizing this approach should exercise caution when specifying the target 
system to ensure that it is representative of the real world. The E-Cubers I4.0 Rubik’s 
Cube Manipulator Station and its integration to the E-Cubers Operational Technology 
(OT) Platform was essential for this PAR Cycle, but it should not be assumed to be a 
perfect test bed. Researchers must always remain cognisant of the fact that such a test 
bed can never fully replicate an Industrial process. 
 
The individual examination format utilized during this experiment was not without its 
limitations. As outlined in Figure 53, the learners had to perform an Individual OSE 
Rating on a target system which the learner is unfamiliar with (B). It is very important 
that the learner is not afforded the opportunity to perform a Customer Interview (C) 
during such an accuracy experiment, because it would undoubtedly lead the witness, 
and risk providing them with the right answer thus compromising the results. 
 
A robust examination of the sample group must be performed, and the control groups 
identified for subsequent analysis. It is important to note the experience profile of the 
participants in the sample group utilized during this PAR Cycle (see Figure 43 on Page 
132 and Figure 44 on Page 133). The presence of highly experienced Practitioners and 
less experienced learners in a single sample group has provided specific insights which 
may be hard to replicate in another research experiment. Including a reference value in 
the data from the control groups provides an invaluable insight to the accuracy, because 
it immediately highlights variance in trueness with a simple box whisker plot. 
 
By combining all these features, this PAR Cycle has delivered a highly effective 
construct which has successfully quantified the accuracy of the practitioner centric 
DiVOM Technique in an Academic environment. Such a solution will undoubtedly be 
applicable and deliver significant value in many other domains. 
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4.4 Summary of Chapter 
This Chapter has limited its scope to the Equipment Layer, as defined in Figure 9 on 
Page 22, and successfully achieved Research Goal 3, by clearly demonstrating that the 
DiVOM Technique and OSE Calculator Tool can produce accurate results across the 
General Engineering Community. The Participatory Action Research (PAR) (Tripp, 
2005) has enabled the delivery of the Research Methodology, outlined in Section 1.3.3 
on Page 19, based on the Agile Project Management (APM) values, defined in Table 7 
on Page 21.  
 
The first PAR Cycle clearly highlighted that significant value can be derived from the 
OSE KPI. It proved that the Function of the DiVOM technique, defined in Section 3.3.1, 
and the Form [Form as terminology (Watts, 2011)] of the OSE Calculator Tool, outlined 
in Section 3.3.2, provide a novel low floor for the management of the I4.0-EPP. It also 
found that the DiVOM technique and OSE Calculator will not be feasible for I3.0-EPP 
Practitioners until a method is provided to upskill them in the I4.0-EPP 
 
The second PAR Cycle proved that Requirements Guides organized by topic, can 
provide just-in-time knowledge for I3.0-EPP Practitioners, which effectively mitigates 
the Intimidation Factor associated with an I4.0-EPP. It also found that consolidating 
these topics in Communities of Practice (CoPs) can provide the robust Social Systems 
and Communication Channels essential for the rapid diffusion of I4.0 innovations, as 
outlined in Section 2.4 on Page 33, and deliver the I4.0 – Equipment centric ecosystem, 
depicted in Figure 6, on Page 16, capable of supporting the new I4.0 Equipment Systems 
Engineering occupation, defined in Figure 37 on Page 106. 
 
The third PAR Cycle clearly proves that the DiVOM Technique and OSE Calculator 
Tool can produce accurate results across the General Engineering Community. It has 
also provided a radical innovation in the form of a framework for the initial training, 
certification, and continuous development of just-in-time-competency, in topics relevant 
to the I4.0-EPP domain for the Irish Life Sciences Sector. It has emulated and surpassed 
the Six Sigma innovation reviewed in Section 2.1.2 on Page 29, by delivering 
competency aligned to the speed of Business as opposed to the speed of Academia. 
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5  CON CLUS ION  
 
This Chapter outlines how the study has successfully answered the research question by 
developing and testing an I4.0 Equipment Procurement Process (I4.0-EPP), which 
mitigates the risk of procuring equipment that does not integrate correctly into the I4.0 
Digitally Connected Supply Chain Network (I4.0-DCSCN), to cater for the Irish Life 
Sciences Corporation’s I4.0 DigitALIZAtion needs. Table 42 provides a high-level 
overview of the most valuable knowledge contributions made here, on the quest to 
balance the I4.0 Three-legged Stool. This table is referenced throughout the Chapter to 
facilitate rapid explanation. Several key insights are highlighted by separately 
examining and reflecting on the Technical, Business, and Academic legs of the I4.0 
Three-legged Stool. Each of the Research Goals are then individually examined to 
outline how they have been met or exceeded. Recommendations are made for future 
work which should be carried out, as Academic, Business and Technical Stakeholders 
endeavour to advance their collective understanding of the efficient delivery of Digital 
Transformation for the Irish Life Sciences Sector. The Chapter is completed with a brief 
conclusion of the Research. 
5.1 Synopsis of Knowledge Contributions 
The work during this research, and the new knowledge which it has contributed, is best 
summarized in a tabular format, as shown in Table 42. Colour coded visual aid 
semaphores highlight which leg of the I4.0 Three-legged Stool (A) each contribution 
applies to. An Academic study of Digital Transformation from the perspective of any 
single leg would have been a relatively straightforward exercise, but it could not 
possibly have robustly answered the research question (1), achieved the research aim 
(2), or accomplished the three research objectives (4) defined for this study. Thus, it 
would not have delivered the required value to the Irish Life Sciences Sector. 
Nevertheless, this researcher has found that pioneering a novel Research Methodology 
(3), by applying Agile Project Management (APM), to deliver researched products as 
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Table 42: Synopsis of Significant Knowledge Contributions by this Study (Author) 
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The research question (1) of this work has been answered by effectively developing a 
DiVOM Technique and OSE Calculator Tool (8a), Requirements Guides (8c) and 
DiVOM & OSE Workbook (8e) to manage the I4.0-EPP (6g). But the replication of such 
a success in future studies is by no means guaranteed. Caution should be exercised by 
researchers hoping to emulate this work, because this study concurs with other 
significant research (Whitworth & Biddle, 2007), (Sandberg, et al., 2011), (Gandomani, 
et al., 2014), (Schön, 2017), (Hidalgo, 2019), which clearly demonstrates that Agile 
Project Management (APM) experiences considerable challenges when utilized for 
Academic research. 
 
It is reasonable to assume that most Academic researchers would also have been capable 
of developing Minimum Viable Products (MVP)s of the DiVOM Technique and OSE 
Calculator Tool (6a). It is unlikely however that their background and personal 
motivations (Gandomani, et al., 2014) would command the required level of access to 
Industrial Practitioners and Subject Matter Experts (SMEs) necessary for User 
Acceptance Testing (UAT) (7a), and development of the Requirements Guides (8c). 
There is also a risk, regardless of the value derived by the Business and Technical 
Stakeholders, that outputs from an APM process will fall well short of conventional 
Academic metrics (Sandberg, et al., 2011) such as publications. 
 
There is another nuance which could easily go unnoticed with APM. APM did deliver 
the first MVP (6a) faster than the Waterfall Software Development Model (Royce, 
1970) could have; but two further iterations were required before the research aim (2) 
and objectives (4) were achieved. The PAR Cycles highlighted fundamental issues, in 
unexpected domains such as education, thus they required considerably more time to 
address than expected. This resulted in an overall research process which took more 
than ten years to complete. Conventional Academic research is normally time 
constrained to a maximum duration of five years, thus the extended duration of APM 
may not be acceptable regardless of the value of the outputs. 
 
On deeper reflection, the APM centric Research Methodology has provided a solution 
akin to a Research Portfolio, consisting of a group of Research Projects, which are 
similar or related to each other and coordinated as a group instead of independently. 
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The Research Methodology is easily reproducible by a Research Consortium which has 
secured access to the required resources, such as the Subject Matter Experts (SMEs), 
Multi-National Corporations (MNCs), and leading Academic institutions required to 
answer similar fundamental research questions (see Figure 37 on Page 106). Such 
Research Consortia should commit to a comprehensive Research Portfolio composing 
of Research Projects which utilize the Risk-Based Fail Fast (Sutherland, 2014) 
philosophy at the core of APM. If each project is managed as an Agile Sprint which 
informs the next project, the cycle can continue until the portfolio’s research question 
is answered. This researcher’s experience in the Technical, Business, and Academic 
domains enabled him to efficiently address each leg of the I4.0 Three-legged Stool. The 
study has presented contributions for each leg, but it could easily be argued that 
additional valuable contributions would have been delivered if each PAR Cycle was 
performed by researchers who were specialized in the relevant domain. Taking this 
learning forward would suggest that future I4.0 research should be performed by 
research teams consisting of Technical, Business, and Academic Specialist Researchers, 
performing sprint-based projects, managed by a Research Consortium, committed to 
delivering overall I4.0 Research Portfolios, which balances the I4.0 Three-legged Stool. 
 
This researcher, like so many others, ran the risk of bias towards his preferred domain. 
It would have been very easy for the researcher to focus merely on technical invention, 
while ignoring the Business and Academic components. Such bias was minimised by 
framing two of the three research objectives (4) around the Design (5z) and Diffusion 
(5x) of Innovation. The resultant contributions extend well into the Business Domain 
and serve to support the technical contributions required for this Academic award. 
Acquiring a well-informed appreciation of the Homophily and Heterophily factors at 
play between Business and Technical Stakeholders (5a), has highlighted the value of 
clearly defining DigitALIZAtion and DigitIZAtion terms (5b), which has produced a 
methodology that enables the alignment of Business and Technical Stakeholders, as 
they efficiently collaborate to develop their Digital Transformation Process, for their 
Manufacturing Corporations. By providing MVPs of an impressive suite of business 
centric DigitALIZAtion tools (6c), (6d), (6e), (6f) and (6h), which can serve as a catalyst 
for significant future researcher in the Business Domain. 
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The literature review (5) has resulted in a concise definition of the I4.0-EPP (5g) and 
the development of MVPs for the DiVOM Technique and OSE Calculator (5a). These 
are undoubtedly the core technical contributions; but the technical contributions do not 
end there. It has been clearly demonstrated that valuable contributions can be generated 
in multiple domains (8), with every iteration of Participatory Action Research (PAR) 
(5d). When Minimal Viable Products (MVPs) are rapidly developed (6) and subjected 
to User Acceptance Testing (UAT) (7), issues which could never have been 
hypothesized become immediately apparent. For example, during the literature review 
an urgent requirement was identified to establish a new occupation of I4.0 Equipment 
Systems Engineer (I4.0-ESE) (6b), but it failed to comprehend the real depth and 
breadth of the knowledge gap between I3.0-EPP Practitioners and the future I4.0-ESEs. 
It is unlikely that this issue would have been identified without the Risk-Based Fail Fast 
philosophy (Sutherland, 2014), at the core of the APM process, utilized in the first PAR 
Cycle. Insights which were gained through conducting this research, have enabled the 
generation of other technical contributions in the form of the Requirements Guides for 
each DiVOM Component (8c), and the DiVOM & OSE Workbook (8e), in subsequent 
PAR Cycles. Thus, by formulating a novel blend of APM (3), UAT (7) and PAR (5d) a 
Research Methodology has been provided which will be applicable to other domains of 
practice beyond the realm of this study. 
 
The contributions (8) from the User Acceptance Testing (UAT) (7) emphasizes 
significant challenges to Academic Stakeholders, which extend far beyond the APM 
based Research Methodology (3), combined with Human Centred Design (HCD) (5c) 
and Participatory Action Research (PAR) (5d). The unexpected observation of an 
intimidation factor (8b), when existing I3.0-EPP Practitioners are introduced to 
unfamiliar topics, highlights significant issues which range far outside the research 
realm and fundamentally challenge how knowledge is managed by Academia. It 
appears that the I3.0-EPP Practitioners’ route to an I3.0 centric Engineering Academic 
Qualification has trapped them in a fixed mindset (Dweck, 2015), which will not be fit 
for purpose in an I4.0 world. The second PAR Cycle clearly demonstrated that such 
intimidation can be significantly reduced when Knowledge Assets are provided in the 
form of requirement guides (8c), but this does nothing to challenge the fundamental 
issues with a fixed mindset, it may just compound it. This researcher recommends that 
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a process of self-declaration of incompetence (8d) should be leveraged to promote a 
growth, as opposed to fixed mindset (Dweck, 2015), for I4.0-EPP Practitioners. 
 
A self-declaration of incompetence (8d) approach is all too easy to discount because it 
initially appears ludicrous in an Academic world dominated by standardised testing. 
Surely the only person qualified to examine the student in the subject is the highly 
knowledgeable Academic. But that would be missing the point. It has demonstrated that 
EPP Practitioners have no real requirement to understand the complete subject, they 
merely need to be competent in a specialized topic or have access to someone who is, 
either in physical or cyber format, real time or recorded. Such Just-In-Time (JIT) 
Competence is technically feasible in a digitally connected world, but it will only 
become truly viable when EPP Practitioners can adopt an open mindset (Dweck, 2015), 
and are willing to self-declare their incompetence (8d) of specialized topics. Academic 
institutions who can rapidly organize their offerings around practitioner centric 
Communities of Practice (CoPs) can develop methods of certifying the supply of topic 
centric JIT Competence (8f), as a new I4.0 commodity. Such Institutions could achieve 
a dominant position by providing a clearly discernible value proposition to I4.0 
Manufacturing Corporations, who will procure JIT competence via the Industry 4.0 
Digitally Connected Supply Chain Network (I4.0-DCSCN); with or without Academia. 
 
The novel concepts and significant contributions which have been generated in the 
Technical, Business, and Academic Domains far exceed initial expectations. The 
potential impact which this research can have for the Irish Life Sciences Sector should 
now be apparent an accessible to any reader. By pivoting the focus, this thesis will now 
outline the conclusions which can be drawn from individually examining each of the 
research goals. 
5.2 Research Goals 
This section separately examines each of the three Research Goals (4) and outlines how 
they have been met or exceeded, for the delivery of the overall Research Aim (2). 
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GOAL 1: Research how the I4.0-EPP innovations of this work can be effectively 
diffused into the Irish Life Sciences Sector. 
 
Acquiring a robust understanding of the fundamental factors which influence the 
Diffusion of Innovation (5x), to evaluate both the successful diffusion of Six Sigma and 
the specific peculiarities of the Irish Life Sciences Sector, has been critical to the success 
of this research. It delivers the confidence required to challenge the highly knowledge 
centric focus which Ireland is endorsing for Industry 4.0 innovation (DBEI, 2019), (IfM, 
2018). Because an innovation is an idea, practice or object that is perceived as new by 
a Manufacturing Corporation. (Rogers, 1983), (Author 2020). The definition of new is 
extremely important in this context because it need not involve new knowledge, and 
may be expressed in terms of knowledge, persuasion, or decision to adopt (Rogers, 
1983). 
 
A critical review of the Six Sigma tools, outlined in Table 8 on Page 29, highlighted 
that even though Six Sigma’s tool neutral DMAIC acronym was novel, none of the tools 
were new. It was Motorola’s Quality Innovation Trigger which achieved fundamental 
change and delivered extraordinary business results, when the Corporation stated a clear 
destination (quality), with a well-defined roadmap, based on an innovative KPI (Sigma), 
supported by robust tools & techniques with high Technology Readiness Levels (TRLs) 
(NASA, 1995). The same approach has been adopted by providing immediate 
measurability of the key components in the Industry 4.0 Manufacturing Drive 
Mechanism, first introduced in Figure 7 on Page 17. It leverages the well proven VDMA 
Toolboxes to design Production and Equipment Scorecards (6c), as shown in Figure 29 
on Page 81, and Figure 30 on Page 82. These scorecards allow Technical Stakeholders 
to define the current scenario, combined with what is both feasible and viable with their 
Production and Equipment Systems. This enables Business Stakeholders to define an 
accurate roadmap for their very own ALIZA Innovation Trigger. Thus, they can emulate 
the Six Sigma Quality Innovation Trigger, identified in Section 2.3 on Page 32, to 
stimulate rapid diffusion of their ALIZA Innovation, within their specific Corporation. 
 
At a sectoral level, the roadmap outlined in Figure 37 on Page 106, and the creation of 
the E-Cubers brand, within the Academic structure of The ESE Academy (see Appendix 
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E for more details), has facilitated a proactive approach to the creation of Communities 
of Practice (CoPs), which provide the Social Systems and Communication Channels 
required for the diffusion of Equipment Centric Innovations. Such CoPs will enable 
existing I3.0-EPP Practitioners and new I4.0-ESEs to collaborate seamlessly, as they 
rapidly develop their competencies in equipment topics, which can support the Irish 
Life Sciences Sector on its DigitALIZAtion journey. These CoPs have the potential to 
provide the technical innovation & talent pipeline for the process of knowledge 
generation, diffusion, and absorption (IfM, 2018), in the domain of Equipment Systems 
Engineering, depicted in Figure 6 on Page 16. The ESE Academy must remain 
cognisant of the fact that the Irish Life Sciences Sector has specific, heavily regulated 
(e.g., FDA, EMA, HPRA) Communication Channels and Social Systems. Even though 
diffusion will still be highly dependent on the communicated experience of near peers, 
it is almost certain that these peers will belong to the ISPE community. Thus, it is 
critically important that The ESE Academy collaborates with the ISPE community for 
the diffusion of equipment centric innovations.  
 
The ALIZA I4.0-EPP Tools for the Equipment Layer (8a), (8c), (8e), which are 
described in detail in Sections 3.3, 4.2 and 4.3 on Pages 84, 117 and 130, have been 
proven to be both robust and accurate. With minimal effort they can now be developed 
into Good Practice Guides (GPGs) capable of supporting the Pharma 4.0™ initiative 
recently launched by the ISPE and achieving this research goal. If these innovations are 
accepted by the ISPE, they will have gained the attention of Opinion Leaders who exert 
a positive influence on their colleagues (Becker, 1970), (Coleman, et al., 1966), 
(Greenhalgh, et al., 2004), ensuring that these innovations are almost guaranteed to be 
rapidly and effectively diffused within the Irish Life Sciences Sector.  
 
Even though the ALIZA I4.0-EPP Interface Tools for the Business (6d), (6e), (6f), (6h), 
and the Production Layer (6c), outlined in Sections 3.1 and 3.2 on Pages 70 and 79, 
have yet to be subjected to User Acceptance Testing (UAT), their value to the ISPE 
should not be underestimated. These tools cater for the Business as opposed to 
Technical Stakeholders, and are capable of attracting the attention of Business 
Champions (Backer & Rogers E, 1998), (Markham, 1998), (Meyer & Goes, 1988), 
(Schon, 1963), with the authority to drive the Dissemination of ALIZA, throughout 
 
Chapter 5 –Conclusion Page 167 of 238 
complete Life Sciences Corporations. If the Irish Life Sciences Sector can utilize 
ALIZA to provide tangible Digital Business benefit for such Champions, its future as a 
world-class player is almost guaranteed. 
 
 
GOAL 2: Develop a technique and tool(s) for managing the new I4.0-EPP which 
mitigates the risk of procuring equipment that does not integrate correctly 
into the Corporation’s I4.0 Digital Supply Chain. 
 
This researcher initially assumed his task would be to merely complete an Academic 
study of a Technical subject, but that would have completely missed the point of this 
goal. It would have ignored the Business Leg of the I4.0 Three-legged Stool (A), who 
are the ultimate innovation selectors at a Corporate Level; thus, their perspective must 
be addressed. A purely technical review of Manufacturing Equipment (5y) was 
adequate for the development of the core ALIZA I4.0-EPP Tools for the Equipment 
Layer (6a), outlined in Section 3.3 on Page 84. But significant additional value was 
derived by supplementing the Technical perspective with the Business perspective, 
which resulted in this study utilizing DigitALIZAtion and DigitIZAtion terms (5b) to 
address the Homophily and Heterophily (5a) issues at play within the Manufacturing 
Corporation. By proactively proposing the Comprehensive Digital Transformation 
Workflow, defined in Table 27 on Page 101, based on  well researched I4.0-EPP 
Interface Tools for the Business (6d), (6e), (6f),(6h) and Production (6c) Layers, the 
capacity of Business Stakeholders to articulate their digital desires to their 
heterophilious Technical colleagues is enhanced, which in turn reduces the risk of 
miscommunication and misalignment within the Corporation. By clearly specifying the 
Corporation’s DigitALIZAtion Vision, Strategy and Tactics, Business Stakeholders will 
enable their Industry 4.0 Equipment Systems Engineers (I4.0-ESE) (6b), defined in 
Section 2.5.1 on Page 51, to efficiently manage the DigitIZAtion phase of the Digital 
Transformation. 
 
With the ALIZA I4.0-EPP Interface Tools defined for both the Business and Production 
Layers of the Corporation, the focus of this work migrated to the Equipment Layer and 
the DigitIZAtion component of the Digital Transformation workflow, as outlined in 
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Table 27 on Page 101. A technical review of the Reference Architectural Model 
Industrie 4.0 (RAMI4.0) (Platform Industrie 4.0, 2018), conducted in Section 2.4.3.3 
on Page 48, highlighted the importance of Batch Control (IEC-61512-1, 1997), 
Enterprise-Control System Integration (IEC-62264-1, 2013) and Security for Industrial 
Automation and Control Systems (ISA-62443-1-1, 2007) standards for the delivery of 
the required horizontal, vertical, and external integration of the I4.0 equipment into the 
I4.0 Digitally Connected Supply Chain Network (I4.0-DCSCN). Combining these 
emerging I4.0-EPP integration requirements with the de-facto I3.0-EPP requirements 
informed a detailed House of Quality (HoQ) analysis of the overall EPP, as outlined in 
Section 3.3.1 on Page 85, which facilitated the definition of the DiVOM Technique and 
the OSE Calculator Tool. By investing effort in the development of the OSE Calculator 
tool, as outlined in Section  3.3.2 on Page 92, suitably high levels of measurability, 
visibility and understandability were achieved.  
 
From the outset this research has striven to produce a valuable Human Centred Design 
(HCD) (5c), which can be found at the intersection of desirability (Do they want this?), 
feasibility (Can we do this?) and viability (Should we do this?). The Agile Project 
Management (APM) Research Methodology (3) successfully delivered a Minimum 
Viable Product (MVP) of the DiVOM Technique and the OSE Calculator Tool (6a), but 
three PAR Cycles were required, and enhancements had to be implemented (8c), (8e), 
to cater for fundamental issues (8b), (8d), (8f), before feasibility and viability were 
successfully demonstrated; but desirability remained weak. 
 
The first PAR Cycle clearly identified a lack of desire for an I4.0-EPP by the I3.0-EPP 
Practitioners. They actively resisted simulation of the Manufacturing Corporation’s IT 
systems at the System Integrator’s site. The I4.0-EPP is simply not feasible without 
such IT systems, thus System Integrators and I3.0-EPP Practitioners must be held 
accountable for OSE at the Functional Acceptance Test (FAT). This is not an 
insurmountable issue; it simply requires a re-focussing of the I3.0-EPP Practitioner’s 
priorities. Significant bonuses are paid to I3.0-EPP Practitioners based on the 
achievement of specific criteria in terms of OEE, cost, schedule, and quality. Expanding 
bonus based incentivisation to include the OSE metric will ensure that the I3.0-EPP 
Practitioners have a strong desire to rapidly migrate to an I4.0-EPP.  
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This work has successfully researched and developed a robust process (I4.0-EPP), 
technique (DiVOM) and tool (OSE Calculator). With these methods, it is possible to 
accurately quantify the risk of procuring equipment, which does not integrate correctly 
into the Corporation’s I4.0 Digitally Connected Supply Chain Network (I4.0-DCSCN). 
This risk will only be fully mitigated when the I4.0-EPP, technique & tools come to the 
attention of innovative CEOs. With the help of OSE as a robust KPI, such leaders can 
emulate Motorola’s Six Sigma journey by defining an EPP roadmap. They must also 
incentivise and provide the necessary resources to ensure that I3.0-EPP Practitioners 
actively desire the transition towards an I4.0-EPP. Without such CEO level 
sponsorship, the I3.0-EPP will prevail indefinitely, equipment will continue to be the 
weakest link in the Corporation’s I4.0 Digitally Connected Supply Chain Network 
(I4.0-DCSCN), and CEOs Digital Business models will remain exposed to an 
unacceptable level of risk. But armed with the contributions of this work the converse 
can now also be true; thus, this research goal has been successfully achieved. 
 
 
GOAL 3: Determine if the developed technique and tools can produce accurate 
results across the General Engineering Community. 
 
The study has utilized a controlled experiment to prove that the DiVOM Technique and 
OSE Calculator Tool (8a) can produce accurate results with both very experienced, and 
less experienced learners, as shown in Table 38 and Table 39 on Page 148 and 149. 
These learners have been shown to be representative of the General Engineering 
Community, thus all the requirements of this research goal have been met. 
 
An initial constraint whereby the accuracy experiment could not be conducted in an 
industrial setting has yielded considerable unforeseen benefits, which could deliver 
significant value for the Irish Life Sciences Sector. This constraint required an E-Cubers 
Digital Transformation Demonstrator, which provides an end-to-end demonstration of 
the Comprehensive Digital Transformation Workflow, defined in Table 27 on Page 101, 
so that this experiment could be conducted in an Academic setting. The resultant E-
Cubers I4.0 Rubik’s Cube Manipulator Station, E-Cubers I4.0 Work Centre and E-
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Cubers I4.0 Operational Technology (OT) Platform, explained in Section 4.3.1.2 on 
Page 134, has enabled the DiVOM and OSE Initial Training & Certification 
Framework, shown in Figure 53 on Page 155, and the I4.0-EPP Competency Standard, 
defined in Figure 52 on Page 153. 
 
Thus, this experiment has developed a platform which facilitates the formal, planned 
Dissemination (Greenhalgh, et al., 2004) of the knowledge and competence required to 
support Batch Control (IEC-61512-1, 1997), Enterprise-Control System Integration 
(IEC-62264-1, 2013) and Security for Industrial Automation and Control Systems 
(ISA-62443-1-1, 2007) standards for the delivery of the required horizontal, vertical, 
and external integration of I4.0 equipment into the I4.0 Digitally Connected Supply 
Chain Network (I4.0-DCSCN). Dissemination of such competence will provide a very 
robust foundation upon which the occupation of Industry 4.0 Equipment Systems 
Engineer (I4.0-ESE) can be built. I4.0-ESEs will become the true Champions (Backer 
& Rogers E, 1998), (Markham, 1998), (Meyer & Goes, 1988), (Schon, 1963), capable 
of both Disseminating and Diffusing the Innovations which this research has developed, 
at the Equipment Layer of Manufacturing Corporations in the Irish Life Sciences Sector. 
5.3 Further Research 
Significant knowledge contributions have been developed for each of the legs in the 
I4.0 Three-legged Stool, but such contributions only represent the initial steps on a long 
and ambitious journey. Further research will be required in the Technical, Business, and 
Academic domains if we are to proceed on such a journey. 
5.3.1  Further R&D in the Technical Domain (DiVOM and OSE)  
This research has focussed primarily on the technical DiVOM technique and the OSE 
Calculator tool. Significant advances have been made, but as always, there is much 
more work to be done. The E-Cubers I4.0 Rubik’s Cube Manipulator Station, I4.0 Work 
Centre and Operational Technology (OT) Platform, outlined in Sections 4.3.1.2.1, 
4.3.1.2.2 and 4.3.1.2.3, on Pages 136, 138 and 138 should be further developed and 
enhanced. With such developments they could be utilised as reference I4.0 equipment 
architectures for the Irish Life Sciences Sector. The experiments carried out in this study 
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should be conducted again in different formats to further refine the method of 
knowledge transfer. Such experiments should be run with larger sample sizes, 
conducted over multiple years. This larger sample size may identify correlation or 
causation factors which are not detectible at present. The Requirements Guides should 
be transformed from their initial Microsoft Word format, to a layout more compatible 
with the Kahn Academy approach, facilitating just-in-time knowledge for a global I4.0-
ESE audience. The DiVOM & OSE Workbook should be migrated onto a more feature 
rich workflow management system and facilitate automation of the technique.  
5.3.2  Further R&D in the Business Domain (ALIZA) 
It is worth revisiting the definition of the ALIZA brand from Table 15 on 69 which 
states that ALIZA is a vision; it is a vision at the business level for a digital supply chain 
with integrated production and equipment systems. ALIZA relies on tools. ALIZA is an 
umbrella and sitting under that umbrella are many types of tools and techniques. MVPs 
have been developed of The ALIZA umbrella (6d), a Digital Transformation Process 
(6e), the ALIZA Futures Cone (6f), the ALIZA Matrix (6f), the ALIZA Double Diamond 
Design Process (6h), the Industry 4.0 Production Scorecard (I4.0-PS) (6c) and the 
Industry 4.0 Equipment Scorecard (I4.0-ES) (6c). But these MVPs have yet to be tested 
and refined by researchers in the Business Domain. If future researchers embrace Agile 
Project Management (APM) (3), User Acceptance Testing (UAT) (7) and Participatory 
Action Research (PAR) (5d) techniques, there is a high probability that valuable 
solutions will be produced. Maximum impact and benefit will be achieved for the Irish 
Life Sciences Sector by conducting this future research in collaboration with the ISPE. 
5.3.3  Further R&D in the Academic Domain 
Fundamental challenges have been raised for Academia, but there is no need to be 
unduly concerned. Academia, by its very nature, has a lot of smart people; they just 
need to become more aligned to the emerging digital JIT Competence market. The 
investment of Science Foundation Ireland (SFI) in a National Research Centre for Smart 
Manufacturing (CONFIRM, 2019) is extremely encouraging. Such a centre, with its 
Research Consortium is well resourced and capable of leveraging the Agile Project 
Management (APM) and Research Portfolio method outlined in this work to develop 
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both solutions and topic centric expertise. If this specialist expertise can be efficiently 
combined with the extensive experience of highly skilled I3.0-EPP Practitioners, in 
digital Communities of Practice (CoPs), Ireland will be able to rapidly develop the 
required competences for I4.0 Equipment Systems Engineers (I4.0-ESE) capable of 
supporting the I4.0-EPP. Ambitious and exciting times are ahead for the 
DigitALIZAtion of the Irish Life Sciences Sector. 
 
5.4 Conclusion of Research 
The Research Question has been answered and an I4.0 Equipment Procurement Process 
(I4.0-EPP) has been developed which mitigates the risk of procuring Equipment that 
does not integrate correctly into the I4.0 Digitally Connected Supply Chain Network 
(I4.0-DCSCN) to cater for the Irish Life Sciences Corporation’s I4.0 DigitALIZAtion 
needs. This was achieved by developing a Comprehensive Digital Transformation 
Workflow, reinforced by a suite of innovative tools which span the Business, 
Production, and Equipment Layers of Manufacturing Corporations.  
 
Equipment is truly at the heart of the new I4.0 Digitally Connected Supply Chain 
Network (I4.0-DCSCN), but it is important to remain cognisant of the fact that 
equipment is only the last cog in a complex I4.0 Manufacturing Drive Mechanism. 
Customers or Users are the real driving force behind the I4.0-DCSCN, but their new 
digital experience cannot be delivered without balancing the Technical, Business, and 
Academic legs of the I4.0 Three-legged Stool defined by this study. 
 
The primary technical contributions of this work, consisting of the I4.0-EPP, the 
DiVOM Technique and OSE Calculator Tool, extends the technical DigitIZAtion leg. 
A novel Just-In-Time (JIT) Competence component supported by the new occupation 
of Industry 4.0 Equipment Systems Engineer (I4.0-ESE), and a comprehensive E-
Cubers Digital Transformation Demonstrator platform robustly augments the 
Academic leg. 
 
The business contributions of an ALIZA umbrella & tools could supplement the 
DigitALIZAtion leg, and fully balance the I4.0 Three-legged Stool at a much higher 
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level, after ALIZA has been tested and refined as part of a program of Participatory 
Action Research (PAR). If this future research program is conducted in collaboration 
with the ISPE, maximum impact and benefit will be achieved for the Irish Life Sciences 
Sector, and this work will have delivered a contribution of National importance, in 
Ireland’s most valuable sector which accounts for 57.1% of manufacturing value and 
27.8% of manufacturing employment (IfM, 2018). Isn’t that really something? 
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APPENDIX A –  DIFFUSION OF INNOVATIONS  
 
This appendix contains a summarised version of materials deemed relevant to the 
Diffusion of Innovations, but not suitable for inclusion in the main body of the 
document. 
 
Diffusion is the process by which an innovation (1) is communicated through certain 
channels (2) over time (3) among the members of a social system (4). It is a special type of 
communication, in that the messages are concerned with new ideas. Communication is a 
process in which participants create and share information with one another to reach a mutual 
















An innovation is an idea, practice or object that is perceived as new by an individual 
or other unit of adoption. It matters little, so far as human behaviour is concerned, 
whether an idea is objectively new as measured by the lapse of time since its first 
use or discovery. The perceived newness of the idea for the individual determines 
his or her reaction to it. If the idea seems new to the individual it is an innovation. 
Newness in an innovation need not involve new knowledge. Someone may have 
known about an innovation for some time but not yet developed a favourable or 
unfavourable attitude toward it, nor have adopted or rejected it. The newness aspect 
of an innovation may be expressed in terms of knowledge, persuasion, or decision 























The results of various diffusion investigations show that most individuals do not 
evaluate an innovation based on scientific studies of its consequences. although 
such objective evaluations are not entirely irrelevant, especially to the very first 
individuals who adopt. Instead, most people depend mainly upon a subjective 
evaluation of an innovation that is conveyed to them from other individuals like 
themselves who have previously adopted the innovation. This dependence on the 
communicated experience of near peers suggests that the heart of the diffusion 
process is the modelling and imitation by potential adopters of their network partners 








The time dimension is involved in diffusion in the innovation decision process by 
which an individual passes from first knowledge of an innovation through its adoption 
or rejection, in the innovativeness of an individual or other unit of adoption—that is, 
the relative earliness/lateness with which an innovation is adopted—compared with 
other members of a system, and in an innovation's rate of adoption in a system, 
usually measured as the number of members of the system that adopt the innovation 














A social system is defined as a set of interrelated units that are engaged in joint 
problem solving to accomplish a common goal. The members or units of a social 
system may be individuals, informal groups, organizations, and/or subsystems. Each 
unit in a social system can be distinguished from other units. All members cooperate 
at least to the extent of seeking to solve a common problem to reach a mutual goal. 
This sharing of a common objective binds the system together. (Rogers, 1983). 
Table 43: Definitions from Diffusion of Innovation (Rogers, 1983) 
  
 




Figure 54: Determinants of Diffusion, Dissemination, and Implementation of 
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APPENDIX B –  ESE COMPETENCIES PLAN  
Aim 
The ESE Competencies Plan enabled voluntary participants to provide background 
information which may provide an insight to important factors related to this study. 
 
Apparatus 
Microsoft Word was utilised on a laptop computer. 
 
Method 
The following tasks were performed to develop the ESE Competencies Plan: 
1. An initial version was created 
2. It was tested with a small group of users 
3. Several refinements were made. 
 
Results 
The ESE Competencies Plan, which was utilized by the voluntary participants on this 
study, is outlined in Figure 55 through to Figure 58 
 
Analysis 
The Engineers Ireland Classification of Competencies, depicted in Figure 58 on Page 
195, provides a basis for the calibration of competence levels. It was found to limit the 
bias introduced by Industrial experience which does not guarantee competence. It also 
encourages engineers to proactively participate in Communities of Practice (CoP). 
 
Conclusion 
The ESE Competencies Plan provides insights to participants experience, 
competencies, and areas of interest. These insights can help researchers to identify 
factors which influence the accuracy of techniques and tools when utilized by control 
groups of participants. 
 
 
Appendix - B Page 192 of 238 
 
Figure 55: ESE Competencies Plan – Page 1 (Author) 
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Figure 56: ESE Competencies Plan – Page 2 (Author) 
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Figure 57: ESE Competencies Plan – Page 3 (Author) 
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Figure 58: ESE Competencies Plan – Page 4 (Author) 
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APPENDIX C –  DEVELOPING THE DIVOM & OSE WORKBOOK  
Aim 
To develop a format for the DiVOM & OSE Workbook which assists Novices to 
accurately perform OSE Calculations. 
 
Apparatus 
Microsoft Excel was utilised on a laptop computer. 
 
Method 
The following tasks were performed with the DiVOM & OSE Workbook: 
1. In 2016 an initial DiVOM Workbook was created which contained the Metrics, 
Components and Attributes in tabular format to enable Novices to document 
their notes and design choices. 
2. in 2016 and 2017 the DiVOM workbook was utilised and observations made. 
3. In 2018 additional features were added to create a combined DiVOM & OSE 
Workbook capable of achieving higher levels of accuracy. 
 
Results 
The 2016 DiVOM Workbook is outlined in Figure 59 and Figure 60, while the 
significantly enhanced 2018 DiVOM & OSE Workbook is contained in Figure 61 
through to Figure 68. 
 
Analysis 
The addition of a three-point estimation method for Optimistic (O), Pessimistic (P) and 
Most Likely (ML) appears to be a significant contributing factor to achieving high levels 
of accuracy with a subjective decision. 
 
Conclusion 
The OSE Calculator should be further developed to include the features which the 
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Figure 59: 2016 DiVOM Workbook – My DiVOM Target Worksheet (Author) 
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Figure 60: 2016 DiVOM Workbook – Validation Rule Worksheet (Author) 
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Figure 61: 2018 DiVOM & OSE Workbook – Unit & Person Selection (Author) 
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Figure 62: 2018 DiVOM & OSE Workbook – Design Worksheet (Author) 
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Figure 63: 2018 DiVOM & OSE Workbook – Integration Worksheet (Author) 
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Figure 64: 2018 DiVOM & OSE Workbook – Validation Worksheet (Author)  
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Figure 65: 2018 DiVOM & OSE Workbook – Operation Worksheet (Author) 
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Figure 66: 2018 DiVOM & OSE Workbook – Maintenance Worksheet (Author) 
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Figure 67: 2018 DiVOM & OSE Workbook – OSE Worksheet (Author) 
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Figure 68: 2018 DiVOM & OSE Workbook – Validation Rules Worksheet (Author) 
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APPENDIX D –  DEVELOPING THE DIVOM REQUIREMENTS GUIDES  
Aim 
To develop a format for the DiVOM Requirements Guides which enables experts to 
easily create just-in-time knowledge for utilisation by others. 
 
Apparatus 
Microsoft Word was utilised on a laptop computer with a save to PDF option. 
 
Method 
The following tasks were performed with the DiVOM Requirements Guides: 
1. An initial template was created for the Requirements Guide 
2. Subject Matter Experts (SMEs) populated the template with requirements for 
the V Metric, Components 1, 2 & 3 
3. The template was updated based on feedback 
4. Subject Matter Experts (SMEs) populated the template with requirements for 
the D, I, O & M Metrics 
 
Results 
An example of the DiVOM Requirements Guide for Component 1 of the V Metric is 
provided in Figure 69 through to Figure 86. 
 
Analysis 
Some experts provided feedback that they initially found the format very restrictive, but 
that once they became familiar with it, they quickly overcame any issues and saw 
significant value in the formal structure. Novices became familiar with the format very 
rapidly and regardless of the topic felt that they could understand it if required. 
 
Conclusion 
The Requirements Guide format provides a highly structured approach and expedites 
the Expert’s creation of just-in-time knowledge for others. This formal structure makes 
them more than just dictionaries of the relevant topics; they are human and machine-
readable Ontologies of the topic. A Sample DiVOM Requirements Guide  
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Figure 69: Requirements Guide – V Metric, Component 1 – Page 1 (Author)  
 
Appendix - D Page 211 of 238 
 
 
Figure 70: Requirements Guide – V Metric, Component 1 – Page 2 (Author)  
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Figure 71: Requirements Guide – V Metric, Component 1 – Page 3 (Author) 
  
 
Appendix - D Page 213 of 238 
 
Figure 72: Requirements Guide – V Metric, Component 1 – Page 4 (Author) 
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Figure 73: Requirements Guide – V Metric, Component 1 – Page 5 (Author)  
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Figure 74: Requirements Guide – V Metric, Component 1 – Page 6 (Author) 
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Figure 75: Requirements Guide – V Metric, Component 1 – Page 7 (Author) 
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Figure 76: Requirements Guide – V Metric, Component 1 – Page 8 (Author) 
  
 
Appendix - D Page 218 of 238 
 
 
Figure 77: Requirements Guide – V Metric, Component 1 – Page 9 (Author) 
  
 




Figure 78: Requirements Guide – V Metric, Component 1 – Page 10 (Author)  
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Figure 80: Requirements Guide – V Metric, Component 1 – Page 12 (Author) 
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Figure 81: Requirements Guide – V Metric, Component 1 – Page 13 (Author) 
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Figure 82: Requirements Guide – V Metric, Component 1 – Page 14 (Author) 
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APPENDIX E –  DESIGN OF E-CUBERS  
Aim 




The E-Cubers website www.ecubers.ie was utilised to develop and promote a brand 
focussed on achieving Equipment Engineering Excellence. 
 
Method 
The brand was developed and explained to students at:  
1. Primary level. 
2. Secondary level. 
3. Third level BEng in Mechatronics. 
4. Third level MEng in Mechatronics. 
 
Results 
The results of this separate body of study were submitted and accepted as an InTech 
Open book Chapter. The relevant pages are contained in Figure 87 to Figure 95. 
 
Analysis 
E-Cubers is extremely well positioned to facilitate the rapid dissemination of this work 
to the full Irish education system. 
 
Conclusion 
This body of work, in conjunction with E-Cubers can facilitate a rapid transformation 
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Figure 95: Design of E-Cubers Page 79 (Loughlin, 2018) 
 
